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Tunnel ventilation is the design practice of placing exhaust fans and air inlets on
opposite ends of animal production facilities and moving air through the building via
negative pressure. Increasing air velocity within tunnel ventilated broiler production
facilities increases sensible cooling and reduces the need for latent cooling (panting),
which improves production efficiency. An air velocity measurement system was
developed and measurement density analysis for quantifying air velocity distribution was
performed in a 12.19 x 121.9 m commercial broiler production facility. Results showed
that axial measurement distances of 3.05 m and 40 measurement points per cross-section
produced the most descriptive air velocity distribution maps. Air velocity distribution,
mean cross-sectional air velocity, and total facility air flow was assessed in three tunnel
ventilated commercial broiler production facilities. These facilities differed in size,
design, and equipment configurations (test facility 1 was 18.3 × 170.7 m, test facility 2
was 15.24 × 144.8 m, and test facility 3 was 12.19 × 121.9 m). Air velocity distribution
varied within all three facilities. Normalized cross-sectional air velocity was plotted
against proportion of total house length to compare the cross-sectional air velocity of the

three facilities. House width and physical arrangement of the feed hoppers, heating
systems, and tunnel fans are impacting air velocity uniformity and mean cross-sectional
air velocity in the three broiler houses.
Precision Livestock Farming (PLF) seeks to improve production efficiency and
animal well-being by model based control of animal production facilities. Four broiler
production facilities were assessed for spatial bird body weight (BW) variability. The
facilities were 15.24 × 144.8 m solid side-wall tunnel ventilated broiler houses containing
birds at 58 and 59 d of age. Significant differences in BW were found between birds
residing at center house (3.47 kg average) and at the side-walls (3.38 kg average) (P =
0.025). This variability in BW could be attributed to any number of environmental,
nutrient, or behavioral causes. A discussion of input/control parameters for PLF
management of broiler production is presented. Quantification of performance variability
within these facilities and defining models for control of input parameters is essential to
making PLF management feasible.
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INTRODUCTION

In 2012, 8.44 billion broiler chickens were grown in the United States with the
majority of production being located in the southeastern part of the country (Figure 1.1).
Mississippi was the fifth highest producing state in 2012 at 751 million birds (USDANASS, 2013). The value of this commodity equated to $2.25 billion U.S. dollars from
Mississippi production alone (USDA-NASS, 2013).

Figure 1.1

United States broiler production by state in 2012

(USDA-NASS, 2012).
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A challenge faced by producers raising broiler chickens in the southeastern
United States is maintaining a thermal comfort for the birds given the hot and humid
climate of the region. Modifications to broiler production facilities such as evaporative
cooling pad inlets, tunnel ventilation, and misting systems have been implemented to
increase cooling of the birds during the summer months. Tunnel ventilation, which is the
practice of placing exhaust fans at one end of a facility and air inlets at the opposite end,
has been implemented to increase air velocity over the broilers. This design configuration
increases convective cooling which changes the partitioning of heat removal from the
birds between latent (evaporative/panting) to sensible (convective) heat loss (Esmay,
1969; Albright, 1990; Simmons et al., 1997). Tunnel ventilated production facilities are
dominant design used in the commercial broiler industry.
1.1

Animal Response to Convective Cooling
The effect of convective cooling on physiological response and animal

performance has been studied since the 1940’s. Lee et al. (1945) observed physiological
responses of White Leghorn and Australorp chickens when exposed to variations in
relative humidity, air movement, and temperatures ranging from 15.6° C to 43.3° C.
Results showed that rectal temperatures of the chickens were reduced in a hot and humid
environment by increased air movement up to 1.52 m·s-1, however no effect was shown
due to air movement in less humid conditions. Physiological effects of air velocity on
broiler chickens has also been widely studied. Mitchell (1985) measured the convective
heat loss from broilers at 20° C and 30° C with varying air speeds in a wind tunnel
calorimeter. Results showed that the rate of convective heat loss was 31% lower at 30° C
and increased with a logarithmic relationship up to 1.05 m·s-1 air velocity. Sensible heat
2

loss was increased by 39% at 30° C accounting for 96% of total heat production of the
bird which indicated that increased air velocity at higher temperatures aids the bird in
heat dissipation and reduces the need for latent heat loss. Simmons et al. (1997)
investigated heat loss from broiler chickens at differing air velocities and air
temperatures. Broiler chickens at 5 and 6 weeks of age were housed in wind tunnels that
simulated conditions in tunnel ventilated production facilities. Three temperature
treatments of 29° C, 32° C, and 35° C and six air velocity treatments of 1.02, 1.52, 2.02,
2.52, and 3.05 m·s-1 were tested using the wind tunnel housing placed in an
environmentally controlled chicken house. Results showed that as temperature increased,
sensible heat loss decreased and latent heat loss increased. Results also showed that as air
velocity increased, sensible heat loss increased and latent heat loss decreased. Hamrita et
al. (1998) monitored deep body temperature of broiler chickens using biotelemetry. With
the presence of increased air velocity deep body temperature was reduced. Tao and Xin
(2002) monitored core body temperature of broiler chickens during heat stress. A
temperature-humidity-velocity index was developed to quantify homeostasis of the birds
in differing environmental conditions. Findings were that dry-bulb temperature and air
velocity effects were highly significant on core body temperature of the broilers.
Convective cooling has been used as a management strategy to improve animal
performance in heat challenged conditions in multiple species including cattle (Bond et
al., 1957), swine (Bond et al., 1965; Morrison et al., 1976), dairy (Smith et al., 2006a, b),
and poultry (Purswell et al., 2013). Wilson et al. (1957) studied wind effects on fryer
chicks between two and ten weeks of age. Four studies were conducted to incorporate the
entire range of seasonal temperature effects. The birds were housed in outdoor brooding
3

pens with an infrared light bulb as a source of heat and exposed to air velocities of 0.25,
0.51, 1.02, 1.52, and 2.54 m·s-1. Results from this work showed that at cold temperatures
air velocities of 1.02 and 2.51 m·s-1 reduced the 10 week weight of the fryers, but an air
velocity of 1.52 m·s-1 in hot weather provided a beneficial cooling effect. Mortality of the
chicks was reported to be higher in the group receiving 2.54 m·s-1 air velocity.
Performance characteristics of broiler chickens reared in high air velocity
environments have been widely studied. Drury (1966) studied the effect of air velocity on
broiler performance in a cycled hot environment. Temperatures were cycled between 21°
C and 35° C and dew point temperature was held at 18° C to simulate hot and humid days
in the southeast region of the United States. Broilers of seven to nine weeks of age gained
average body weights of 0.463 kg·bird-1 when raised in the hot environment with a
constant air velocity of 2.7 m·s-1, whereas birds with 0.1 m·s-1 air velocity only gained
0.336 kg·bird-1. Lott et al. (1998) investigated broiler performance when exposed to
constant 2.08 m·s-1 air velocity and high temperature averages between 28.2° C and 30.3°
C. The broilers exposed to the high air velocity gained an average of 227 g more than did
the broilers maintained in the same environmental conditions with no air velocity. A
noticeable reduction in panting was also observed in the birds exposed to high air
velocity, indicating increased sensible heat removal. Furlan et al. (2000) investigated
surface and rectal temperature of broilers in individual cages exposed to air velocities
ranging from 1.8 m·s-1 to 5.7 m·s-1 over a 30-min exposure time. Rapid reductions in leg
and body temperature were found within the first 10 minutes of exposure to increased air
velocity. Leg temperature was reduced with exposure to air velocity of 2.0 m·s-1 but no
reduction in head and back temperature was realized below an air velocity of 4.5 m·s-1.
4

May et al. (2000) housed broilers in constant temperature conditions (27° C) and cyclic
temperature conditions (22° C – 32° C – 22° C) while exposing birds to 2.0 m·s-1 air
velocity and still air. Feed and water consumption patterns of the broiler chickens were
not affected by the increase in air velocity but the body weight gain and feed to gain ratio
were both improved in the high air velocity treatment. Yahav et al. (2001) studied the
effect of increased air velocity ranging from 0.5 m·s-1 to 3.0 m·s-1 on broiler chickens in a
35° C and 60% relative humidity environment. Birds were housed in individual cages
under continuous illumination. Air velocities of 1.5 m·s-1 to 2.0 m·s-1 produced the best
weight gain, feed intake, and feed to gain ratio for individually housed birds in this study.
However, these results may not apply to birds housed in groups or flocks. Simmons et al.
(2003) housed 3 to 7 wk old broiler chickens in a diurnal cycled environment (25° C –
30° C – 25° C) at 23° C dewpoint and exposed the birds to 2.0 m·s-1, 3.0 m·s-1, and <
0.25 m·s-1 air velocities. The air velocity treatments did not affect body weight gain
between 3 to 4 weeks of age, but had a significant effect during and after week 4 to 5.
During week 6 to 7 the 3.0 m·s-1 air velocity improved all measured parameters, which
was attributed to the high body mass of the birds at this age. Dozier et al. (2005a)
investigated performance characteristics of broilers from 3 to 7 weeks of age when
exposed to high air velocity, high cyclic temperatures, and high dew point. Air velocities
tested in this study were 2.0 m·s-1 and 3.0 m·s-1, temperatures were cycled between 25° C
to 35° C, and dew point was held at 23° C. Results showed that broilers from 3 to 7
weeks of age improved in some, if not all, performance categories tested when exposed to
constant 3.0 m·s-1 air velocity under these environmental conditions. Dozier et al.
(2005b) studied constant versus varying air velocities over broiler chickens at high cyclic
5

temperatures and a high dew point temperature. The birds were reared in cyclic
temperatures ranging from 25° C to 30° C and a constant dew point of 23° C. One
increased air velocity treatment group was provided 2.0 m·s-1 air velocity and another
was provided 1.5 m·s-1 at 4 to 5 weeks of age, 2.0 m·s-1 at 5 to 6 weeks of age and 3.0
m·s-1 at 6 to 7 weeks of age. These treatments were compared to birds reared in the same
environmental conditions with still air (≤ 0.5 m·s-1). Both air velocity treatments
improved live performance over the group reared in still air. Increasing the air velocity to
3.0 m·s-1 from day 43 to 49 improved growth rates compared to constant 2.0 m·s-1 air
velocity. As bird age increased, increased air velocity was shown to improve broiler
performance. Additionally, Dozier et al. (2006) showed that exposing heavy broilers (>
2.5 kg) to constant high air velocity (2.79 m·s-1) at 37 to 51 days of age improved
bodyweight gain and feed conversion of the birds.
The literature has established that broiler chickens benefit from increased air
velocity in high temperature environments. The partitioning of heat removal for the birds
changes between latent to sensible heat loss due to the convective cooling effect of
increased air velocity. Providing increased air velocity in broiler production facilities aids
in maintaining thermal comfort for the birds, increases production efficiency, and ensures
improved animal well-being.
1.2

Tunnel Ventilated Broiler Facility Design
Traditionally broiler production facilities were naturally ventilated. This was

achieved by the installation of curtains on the side-wall of the facility that could be raised
and lowered depending on outside environmental conditions and inside thermal needs. By
utilizing mechanical ventilation, broiler production facilities have transitioned to solid
6

side-wall facilities. Esmay et al. (1968) noted the trend of animal production facilities
being built as closed, insulated, windowless buildings with mechanical ventilation.
Exhaust type ventilation systems were recommended for cold temperature ventilation.
Albright (1990) stated that negative pressure mechanical ventilation systems were
preferred in temperate climates due to the economic advantage of inexpensive air inlets.
A downside to the negative pressure system is that infiltration can occur at openings or
cracks in the side-walls and impact proper ventilation. Tunnel ventilation is a negative
pressure/exhaust type mechanically ventilated facility design where air inlets and exhaust
fans are located at opposite ends of the facility and has been implemented as a method for
increasing air velocity.
Several recommendations for hot weather ventilation rates exist for animal
production facilities. Midwest Plan Service (1987) recommends 6.8 m3·h-1·bird-1 for hot
weather ventilation of broiler chickens. Albright (1990) suggests a maximum ventilation
rate that minimizes temperature rise of 1.5° C to 2.0° C within the facility and not to
exceed 4° C based on the sensible energy balance of the facility including the animals.
Anderson and Carter (1993) recommend 1.78 m·s-1 air velocity in a tunnel ventilated
production facility as minimum design criteria. Air velocities up to 3.05 m·s-1 could
provide beneficial cooling effects to broilers and concerns as to excessive air velocity
below 3.05 m·s-1 were unfounded (Czarick et al., 1999). Czarick and Fairchild (2004a)
stated that proper broiler production facility design included obtaining air velocities of
2.54 m·s-1 to 3.05 m·s-1. ASABE Standards (2008) suggest air speeds from 0.2 m·s-1 to
2.5 m·s-1 for 1.4 kg birds at high temperatures. Ventilation rates should be lowered or
evaporative cooling should be implemented when environmental temperatures are above
7

the body temperature of the bird to avoid exacerbating heat stress conditions. Currently,
Cobb-Vantress (2012) recommends 3.0 m·s-1 air velocity throughout the length of the
facility as a general guideline for tunnel ventilation. Recommendations for air velocities
in tunnel ventilated broiler production facilities have increased in recent years due to
increases in market weight.
1.3

Air Velocity Distribution
Few attempts to characterize air velocity distribution in broiler production

facilities can be found in the literature. Czarick and Lacy (1995) assessed air movement
and inlet opening size in two tunnel ventilated broiler production facilities. Air velocity
measurements were recorded at three locations across the facility width and five locations
down the length. Air velocity was higher 1.22 m above the litter in the center of the
facility than at 1.52 m from the side-wall. Czarick and Lacy (1995)also noted that
reducing the inlet size increased air velocity at the inlet end of the facility, but air velocity
was reduced at the fan end of the facility. Wheeler et al. (2002) measured air velocities at
6 locations in conventional and tunnel ventilated broiler production facilities. Air
velocities were measured at 0.48 m and 1.52 m above the litter at three locations across
the facility and two locations down the length of the facility. Decreases in air velocity of
0.5 m·s-1 to 0.9 m·s-1 between human (1.52 m) and bird (0.48 m) level measurement
locations were found in the tunnel ventilated facility. Center house measurements
consistently demonstrated higher air velocities when compared to the side-wall
measurement in the tunnel ventilated facility. Czarick and Fairchild (2004a) assessed air
velocity distribution in two 12.19 × 152.4 m tunnel ventilated broiler production
facilities. Air velocity data were collected at 1.02 m above the litter starting 6.01 m from
8

the end of the evaporative cooling pad inlets; measurements continued every 6.01 m to
half house. Eight equally spaced measurement locations (every 1.33 m) were included per
cross-section measured starting at 0.76 m from the side-wall. Air velocity varied within
tunnel ventilated broiler production facilities. Depending on construction and installed
equipment, air velocity varied as much as 30% between center house and side-wall
measurement locations. Czarick and Fairchild (2004b) performed similar measurements
to their previous work (Czarick and Fairchild, 2004a) to assess side-wall construction
differences and their effect on air velocity distribution. A 12.19 × 152.4 m tunnel
ventilated broiler production facility with post side-wall construction was assessed for air
velocity distribution with the posts exposed and covered by 0.1 mm thick plastic
sheeting. Air velocity values at the side-wall were increased by 0.51 m·s-1 with the
addition of the plastic sheeting. Czarick and Fairchild (2011) characterized air velocity
distribution with differing fan configurations. Utilizing an anemometer array consisting
of five equally spaced masts with three cup type anemometers per mast, air velocity
distribution was assessed 30.5 m from the tunnel fan end-wall. The configurations tested
were eight fans on the end-wall plus two on the side-walls and eight on each side-wall
plus four on the end-wall. Tunnel fan configuration had little effect on the air velocity at
the cross-section measured. Secondly, Fairchild and Czarick (2011) measured air velocity
distribution with a 15 point anemometer array 15.2 m ahead of the exhaust fans in six
broiler production facilities. Differences in construction and equipment affected air
velocity distribution. Fairchild and Czarick (2011) stated an estimate of average crosssectional air velocity could be obtained by measuring air velocity at the side feed lines.
More recently, Czarick and Fairchild (2012) studied the effect of forced air furnaces on
9

air velocity distribution in a 15.2 × 152.4 m tunnel ventilated broiler production facility.
Air velocity measurements were taken 24.4 m upstream of the exhaust fan end-wall at 15
locations within the cross-section. Air velocity measured in proximity to the forced air
furnaces was reduced by 1.02 m·s-1 in that study.
Wheeler et al. (2002) noted several sources of error were introduced when
measuring air velocity in commercial broiler production facilities:


Human error can be introduced when reading manually operated sensors.



Individual interpretation can cause discrepancies when collecting data.



Human presence inside the facility while collecting data can also disrupt
air flow and introduce error into the velocity measurement.



Wind speed and direction during measurement can also impact air velocity
distribution.

Measurement density also has an impact on detection of air velocity variations
within tunnel ventilated broiler production facilities. Previous work found in the literature
utilized four (Miragliotta et al., 2006), six (Wheeler et al., 2002), and fifteen (Czarick and
Fairchild, 2011; Fairchild and Czarick, 2011; Czarick and Fairchild, 2012) measurement
points within cross-sections but no analysis is presented as to the effectiveness of the
velocity distribution characterization. Miragliotta et al. (2006) spatially assessed
environmental conditions in a tunnel ventilated broiler house in Brazil. The facility was
12 m × 115 m and was divided into 132 equally sized (3 m × 3.5 m) measurement cells.
Four measurement locations were assessed within each cross-section with 33 crosssections measured axially. No variations in air velocity were observed by Miragliotta et
al. (2006).
10

1.4

Precision Livestock Farming
The implementation of control systems in animal production has yielded the

concept of Precision Livestock Farming (PLF). Measurement of variables within the
system (environmental, physiological, or behavioral) and models developed to identify
the response of animals to input changes allows for real time monitoring and control of
the system (Berckmans, 2008). The goal of PLF is to control and manage variations in
performance (Wathes et al., 2008). Implementation of sensors to monitor the environment
(temperature, pressure, lighting, ventilation, etc.) and animals (weight, deep body
temperature, activity, etc.) could provide real time feedback for control purposes to
optimize the production system. The variability within the broiler production system and
inputs that cause variability have yet to be adequately quantified.
1.5

Objectives
Maintaining thermal comfort for broiler chickens is an important management

practice for producers. Tunnel ventilated broiler production facilities aid in cooling
broiler chickens by increasing air velocity passing over the birds. Increased air velocity
removes heat from the chickens by convection which reduces bird energy expenditure
caused by latent heat removal (panting), thereby improving production efficiency.
Characterization of air velocity distribution in tunnel ventilated broiler production
facilities would provide insight into how air flows through these facilities and identify
areas of reduced air velocity due to differing construction practices and equipment
installations. Specific objectives for this dissertation are as follows:

11



Develop and construct an anemometer array for the measurement of air
velocity within cross-sections in tunnel ventilated broiler production
facilities.



Analyze the effect of measurement density within the anemometer array to
ensure quality air velocity distribution characterization.



Compare differences in air velocity distribution due to house size and
design.



Define needed input parameters for PLF in commercial broiler production
facilities including, but not limited to, air velocity distribution.
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CHAPTER II
THE EFFECT OF MEASUREMENT DENSITY ON CHARACTERIZING AIR
VELOCITY DISTRIBUTION IN A COMMERCIAL BROILER
PRODUCTION FACILITY

2.1

Abstract
Increasing air velocity of tunnel ventilation systems in commercial broiler

facilities improves production efficiency. As a consequence, many housing design
specifications require a minimum air velocity in the house. Air velocities are typically
assessed with a hand-held anemometer at random locations, rather than systematic
traverses. Simultaneous measurement of air velocity at multiple locations in the facility
would provide a more accurate estimation of air velocity distribution. The objective of
this study was to assess the effect of measurement density on accuracy of estimating air
velocity distribution in a tunnel ventilated broiler production facility. An array of 40
anemometers was placed in a commercial broiler production facility (no birds present)
measuring 12.2 x 121.9 m with curtain side-walls. The house was equipped with ten
121.9-cm exhaust fans. Cross-sectional air velocity measurements were taken in
increments of 3.05 m axially. Data were sampled at 1 Hz for 2 min; three 2-min subsamples were obtained at each cross section. Horizontal plane air velocity distribution
maps were generated using 12.19 m, 6.10 m, and 3.05 m axial measurement distances
between cross-sections at 0.46 m above the litter. Vertical plane air velocity distribution
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maps were created using 10, 20, and 40 symmetrical sampling points from the original
data set. Cross-validation analysis revealed higher spatial measurement density in the
axial direction yielded a higher correlation between observed and predicted values (79%)
and lower mean squared prediction error (MSPE; 0.10 m·s-1) when compared to
decreased sampling densities. Vertical cross-section measurement density comparisons
showed a reduction in MSPE and an increase in correlation between observed and
predicted values at higher sampling densities in all cases tested excluding one. In the case
where improved interpolation results with fewer measurement points exist the crosssection demonstrated high variation in air velocity and velocity values being very low.
Axial cross-sectional measurement distances of ≤ 3.05 m and vertical plane measurement
densities of ≥ 40 measurement points should be used to accurately characterize air
velocity distribution in a 12.19 x 121.9 m broiler production facility. Though it requires
more sensors and time to collect 40-point cross-sections at 3.05 m, the improved
visualization allows better identification of distribution effects caused by equipment
placement in the facility.
2.2

Introduction
Increased air velocity during the grow-out period improves broiler performance

(Drury, 1966; May et al., 2000; Dozier et al., 2005a, b; Dozier et al., 2006) and decreases
deep body temperature (Hamrita et al., 1998; Furlan et al., 2000; Hamrita and Hoffacker,
2008). As air velocity increases, heat loss in broiler chickens becomes primarily driven
by convection, rather than evaporation through respiration thus reducing energy
expenditure from panting (Simmons et al., 1997; Lott et al., 1998; Simmons et al., 2003).
Tunnel ventilating commercial broiler production facilities provides a means for
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achieving convective heat loss by continually passing high velocity air over the birds.
Therefore, accurate determination of air velocity is critical for the design and control of
ventilation systems that create environmental conditions which enhance production
efficiency and thermal comfort.
Studies characterizing air velocity distribution in modern commercial broiler
houses are limited in the literature. Wheeler et al. (2002) measured air velocity in both a
14.6 x 152.4 m tunnel ventilated and 13.4 x 91.4 m naturally ventilated broiler house.
Velocities were measured with a hand-held anemometer at 42 m and 27 m from the
evaporative cooling pad inlet at six locations in each cross-section. Three measurements
were taken at 48 cm and 152 cm above the litter in each cross-section. A reduction of 0.5
– 0.9 m·s-1 was found when moving from 152 cm to 48 cm above the litter. Several
sources of error were cited including wind effects and human error in reading the sensor.
Wheeler et al. (2002) also noted that simultaneous velocity measurements were not
possible using this method.
Czarick and Fairchild (2004) measured air velocity at 12 transverse cross-sections
(eight points per cross-section at a height of 102 cm) in half of a 12.2 x 152 m house.
These measurements started 6.1 m from the exhaust fans and ended at the center of the
house. Results showed variation in the velocity field of 15% -30% from the center of the
house cross-section to the side-wall with different side-wall constructions and the
presence of forced air furnaces. More recently, Fairchild and Czarick (2011) utilized a
15-point anemometer array to assess air velocity in a tunnel ventilated broiler facility and
determined factors that affected the cross-sectional air velocities. Velocities were
measured 15.24 m upstream of the exhaust fans and static pressure was measured at
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multiple locations in the house. Fairchild and Czarick (2011) showed air velocity
variations of 10% within the cross-section. The authors stated that average velocities for
the cross-sections could generally be measured near the side feed lines, however, no
descriptive statistics indicating the quality of the recorded measurement were presented.
Miragliotta et al. (2006) used geostatistics to spatially assess temperature, relative
humidity, air velocity, noise level, and light intensity in a tunnel ventilated broiler house.
In this study, the facility was divided into 132 virtual cells and these variables were
measured at the center of each cell. The variables were monitored simultaneously within
each cell with hand-held instruments, requiring 30-40 s to complete the measurements.
The analysis indicated that air velocity distribution was non-variable and constant over
the entire facility with this measurement strategy, and attributed to proper tunnel
ventilation design.
Development of a data collection method that removes controllable error sources,
such as human presence and human error in sensor reading, and provides sufficient
measurement density to characterize air velocity distribution would improve our
understanding of how air flows through commercial broiler facilities. Therefore, specific
objectives for this research study were: 1) to develop a data acquisition and modular
measurement system to assess spatial air velocity in commercial broiler production
facilities that requires no human presence within the facility during measurement, and 2)
to define measurement density requirements to characterize air velocity distribution in
both the vertical (axial view) and horizontal (top view) planes of the facility.
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2.3
2.3.1

Materials and Methods
Sensor Selection and Calibration
Air velocity was measured with a hot-bead anemometer (F-333, Degree Controls,

Inc., Milford, N.H.) (fig. 2.1). This sensor platform provided simple mounting options,
easy alignment for measuring directional air velocity, and an absence of external moving
parts that could be damaged during measurement or movement between measurement
locations. The anemometer velocity measurement ranged 0.5 – 5.0 m·s-1 with a 0 – 5
VDC linear output signal. Operating temperature for these sensors is limited to 15° C –
60° C and limits application to moderate to warm weather periods. These sensors had an
acceptance angle of 40° allowing ±20° horizontal and vertical measurement in the
direction of sensor aim. Accuracy of these anemometers is ± 10% between 20° C and 30°
C and increases by ±0.025 %·°C-1 and ±0.005 m·s-1 over the remaining temperature
operating range (fig. 2.2).

Figure 2.1

Hot-bead anemometer used for air velocity measurement

(F-333, Degree Controls, Inc., Milford, N.H.).
Measurement range for these sensors was 0.5 m·s-1 to 5.0 m·s-1 with an analog output of
0.5 – 5 VDC with an accuracy of ± 10% within the temperature range of 20° C to 30° C.
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Figure 2.2

Anemometer accuracy versus temperature during measurement.

A wind tunnel was constructed for anemometer calibration (fig. 2.3). The inlet to
the tunnel was constructed of 15.2 cm diameter Schedule (SCH) 40 PVC pipe and
reduced to 10.2 cm diameter SCH 40 PVC pipe which occurred 4.09 m downstream of
the inlet. The flow path was turned 180° using two 90° elbow couplings and 1.02 m
length of 10.2 cm diameter SCH 40 PVC pipe. A flow straightening honeycomb section
was constructed from 0.635 cm diameter drinking straws. Equation 2.1 was used to size
the honeycomb length Lh.
𝐿ℎ
⁄𝐷 = 6.0
ℎ

(Eq. 2.1)

Where Dh is the diameter of one honeycomb cell (Barlow et al., 1999). The length of the
honeycomb was set at 3.81 cm. The honeycomb was placed 1.21 m ahead of the test
section to ensure the air flow was uniform over the pipe cross-section.
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Figure 2.3

Calibration wind tunnel schematic constructed of 15.2 cm and 10.2 cm
SCH 40 PVC pipe.

An in-line centrifugal fan (FR 100, Fantech, Lenexa, Kansas) generated air flow and
velocity set points were controlled via a blast gate (PVCB06, Plastic Supply, Pottstown,
Pa.).
The test section was fabricated from 38.1 cm length of 10.2 cm diameter SCH 40
translucent PVC pipe. Sensors were installed into the test section through a 2.7 cm
center-bored hole. Rubber stoppers (size #6, 14-135J, Fisher Scientific, Pittsburgh, Pa.)
were drilled axially to accommodate the sensors. During calibration, the sensors were
placed in the rubber stopper to a pre-determined depth so that the sensing element was
located in the center of the test section. The rubber stopper and sensor assembly were
then pressed firmly into the test section to minimize air leakage.
Air flow was generated in the wind tunnel by an in-line centrifugal fan (FR 100,
Fantech, Lenexa, Kansas). Variation of the fan speed was achieved using a solid-state fan
speed control switch (1DGV1, Dayton Electric, Niles, Ill.). Varying fan speed in
conjunction with a blast gate (PVCB06, Plastic Supply, Pottstown, Pa.) placed 25.2 cm
ahead of the fan inlet provided a desired velocity range of 0.5 – 5.0 m·s-1 within the
tunnel.
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Calibration points were measured using a NIST traceable calibrated reference
anemometer (VelociCalc 9545, TSI Incorporated, Shoreview, Minn.). Barometric
pressure was provided to the reference anemometer by a digital barometer (HHP360,
OMEGA Engineering, Inc., Stamford, Conn.). Calibration points of 0.5, 1.5, 2.5, 3.5, 4.5,
and 5.0 m·s-1 were set by adjusting the gate until the reference anemometer read the
desired velocity. These points were marked on the gate for ease of use in future tests.
Each calibration point was measured with both the reference anemometer and the test
sensor to account for any variation due to blast gate placement or changes in barometric
pressure.
Hot-bead anemometer data was collected using a data acquisition (DAQ) system
(NI cRIO-9024, National Instruments Corporation, Austin, Texas) equipped with an
analog to digital input card (NI 9205, National Instruments Corporation, Austin, Texas).
The analog to digital input card had a 16 bit resolution (0.0002 V·div-1) and an accuracy
of ± 1% of the full scale range of measurement. The wind tunnel was allowed a settling
time of one minute between measurement points. Data from the hot-bead anemometer
was sampled at 1 Hz for 1 min at each calibration point. Reference anemometer readings
were recorded on a 10 s interval for 5 sub-samples at each calibration point and were
stored internally. All data were transferred to a personal computer for analysis.
2.3.2

Scalable Environment Assessment System Development
The Scalable Environment Assessment System (SEAS) was developed to

characterize the spatial distribution of air velocity in a commercial broiler production
facility. For this study, 40 hot-bead anemometers were distributed over five sensor masts.
Extruded aluminum (1515-Lite, 80/20 Inc., Columbia City, Ind.) was used as the vertical
24

and horizontal mast members Anchor fasteners (3360, 80/20 Inc., Columbia City, Ind.)
were used to make 90° connections between the vertical and horizontal members. Steel
bases were constructed for each mast to provide sufficient weight (17.3 kg) to minimize
movement during testing.
The anemometers were connected at the end of each horizontal member (8 per
mast) with an adjustable steel standoff (0.32 cm x 2.45 cm x 30.48 cm) (fig. 2.4). These
standoffs placed the sensors up stream of the mast to minimize obstructions in the air
stream, as well as provide a convenient sensor height adjustment and alignment.

Figure 2.4

SEAS masts deployed in a commercial broiler production facility.

Air flow direction from left to right.
The DAQ system was housed in a modified waterproof case (1700,
PelicanCases.com, Tempe, Ariz.) (fig. 2.5a) and configured with five analog to digital
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input modules (one for each mast). A 24 VDC power supply (NI PS-16, National
Instruments, Austin, Texas) and a 12 VDC power supply (VHK 50W-Q24-S12, CUI,
Inc., Tualatin, Oregon) were installed to provide power to the DAQ system and the
sensors (fig. 2.5b). A wireless router (N750, Netgear, Inc., San Jose, Cal.) allowed
personnel to control the DAQ and collect data while outside of the facility to minimize
disturbances during data collection. The DAQ system was programmed and controlled
with LabView (v. 2011, National Instruments Corporation, Austin, Texas).

Figure 2.5

a) Enclosure for the SEAS DAQ b) A block diagram of the SEAS DAQ
components.

The DAQ consisted of a controller (NI cRIO-9024, National Instruments Corporation,
Austin, Texas) coupled with analog input cards (NI 9205, National Instruments
Corporation, Austin, Texas). A wireless router (N750, Netgear, Inc., San Jose, Cal.) was
connected allowing for control of the DAQ and data collection to be done outside the
facility.
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2.3.3

Facility Description and Test Procedure
A commercial curtain-sided broiler house (12.19 x 121.9 m) located at the Leveck

Animal Research Center at Mississippi State University, Mississippi, was selected as the
study site (fig. 2.6). The house was equipped with ten 121.9-cm exhaust fans with two
fans acting in the transverse direction on each side-wall and six on the end-wall acting in
the axial direction. Evaporative cooling pads (1.52 × 21.3 × 0.152 m) on each side-wall
acted as air inlets to the facility. Three feed lines and six water lines ran the length of the
facility with charge hoppers located at center house. Radiant brooders were suspended
from the ceiling at a height of 1.7 m. This facility was also equipped with external forced
air furnaces, installed along the south wall. The evaporative cooling pad inlet curtains
were fully opened during the study. The pads remained dry while all ten tunnel
ventilation exhaust fans were in operation. The mean weather conditions during testing
were 25.4° C dry-bulb temperature, 0.89 m·s-1 wind speed from the south west with a
maximum gust of 6.7 m·-1 and barometric pressure of 101.8 kPa.
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Figure 2.6

Test facility schematic

(not to scale)
The facility was equipped with evaporative cooling pad inlets on the east end side-walls,
three feed lines with charge hoppers at center house, six water lines, radiant brooders,
forced air furnaces along the south side-wall and ten 121.9 cm tunnel ventilation exhaust
fans across the west side and end-walls.
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Five SEAS masts were deployed along the transverse direction of the facility
accounting for one measurement cross-section. Each mast was set at a specified center
distance from the south side-wall (0.98, 3.25, 6.48, 9.71, and 12.04 m) to maintain
uniform horizontal spacing of the sensors while avoiding obstructions such as feed/water
lines and radiant brooders (fig. 2.7). Horizontal distances between sensor elements and
mast center was 1.45 m. Vertical distances of anemometer placement were set at 0.46,
1.07, 1.68, and 2.13 m above the litter. Table 2.1 details the X, Y location of each sensor
within the measurement cross-section.

Figure 2.7

Schematic of SEAS masts in a vertical plane cross-section including sensor
numbers.
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Table 2.1

Location of each SEAS anemometer within the cross-section.

Sensor
X Location Y Location
Sensor
X Location Y Location
Number
(m)
(m)
Number
(m)
(m)
1
0.20
0.46
21
7.29
2.13
2
0.20
1.07
22
7.29
1.68
3
0.20
1.68
23
7.29
1.07
4
0.20
2.13
24
7.29
0.46
5
1.63
2.13
25
8.76
0.46
6
1.63
1.68
26
8.76
1.07
7
1.63
1.07
27
8.76
1.68
8
1.63
0.46
28
8.76
2.13
9
2.74
0.46
29
10.19
2.13
10
2.74
1.07
30
10.19
1.68
11
2.74
1.68
31
10.19
1.07
12
2.74
2.13
32
10.19
0.46
13
4.17
2.13
33
11.33
0.46
14
4.17
1.68
34
11.33
1.07
15
4.17
1.07
35
11.33
1.68
16
4.17
0.46
36
11.33
2.13
17
5.87
0.46
37
12.75
2.13
18
5.87
10.7
38
12.75
1.68
19
5.87
1.68
39
12.75
1.07
20
5.87
2.13
40
12.75
0.46
Locations are referenced from the south side-wall of the facility and the litter bed for X
and Y respectively.
Once the masts were placed in a cross-section, the facility was cleared of all
personnel and allowed to equilibrate for one sampling interval (2-min) with all tunnel
ventilation fans operating. Air velocity was recorded for three consecutive sampling
periods at a sampling rate of 1 Hz. Once the samples for the current cross-section were
recorded and stored, the SEAS was relocated to the next cross-section and the process
repeated. The first cross-section was measured at 3.05 m from east end-wall and repeated
every 3.05 m down the house. Each vertical cross-section measured was given a
reference letter for the purposes of this discussion (fig. 2.8). Table 2.2 details the distance
from the west end-wall associated with each cross-section letter.
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Figure 2.8

Vertical measurement cross-section letter assignment and view reference.

Spacing between cross-sections was 3.05 m and 39 cross-section measurements were
recorded in total.
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Table 2.2

Cross-section letters and associated axial distances in relation to the west
end-wall of the test facility.

Cross-Section Letter
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T

2.3.4

Distance (m)
3.05
6.10
9.15
12.20
15.25
18.30
21.35
24.40
27.45
30.50
33.55
36.60
39.65
42.70
45.75
48.80
51.85
54.90
57.95
61.00

Cross-Section Letter
U
V
W
X
Y
Z
AA
BB
CC
DD
EE
FF
GG
HH
II
JJ
KK
LL
MM

Distance (m)
64.05
67.10
70.15
73.20
76.25
79.30
82.35
85.40
88.45
91.50
94.55
97.60
100.65
103.70
106.75
109.80
112.85
115.90
118.95

Statistical Methods
Calibration equation coefficients were obtained using the GLM procedure in SAS

(SAS, 2012) (sensor = reference at α = 0.05). Uncertainty analysis was performed on six
sensors within cross-section V in accordance with the method described by Hoff et al.
(2009) to ensure reasonable measurement accuracy.
Universal Kriging interpolation was performed with the GSTAT package in R
(Pebesma, 2001) to generate velocity distribution maps from the collected SEAS velocity
data. All measurement points located at 0.46 m above the litter were used for horizontal
velocity distribution maps (bird level distribution). The data was parsed into three sets of
varying measurement densities with axial distances of 3.05, 6.10, and 12.2 m between
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measurement cross-sections. Measurement densities of 40, 20, and 10 symmetrical
measurement points were selected for vertical plane (side view of the facility
perpendicular to the 121.9 m axis) velocity distribution maps (fig. 2.9). Cross-sections B,
E, H, N, Y, and JJ were used for this analysis. These cross-sections were chosen so that
variations in velocity distributions in the vertical plane throughout the length of the
facility were represented in the analysis. Semi-variance (γ ̂) was calculated for each of the
measurement densities by quation 2.2 (Bivand et al., 2008):
𝑁(ℎ )

1

𝛾̂(ℎ𝑗 ) = 2𝑁(ℎ ) ∑𝑎=1𝑗 [𝑍(𝑢𝑎 ) − 𝑍(𝑢𝑎 + ℎ𝑗 )]

2

𝑗

(Eq. 2.2)

where:
hj = separation distance between measured points
N(hj) = the number of points separated by distance hj
ua = measurement location
Z(ua) = the measured variable (air velocity) at measurement location ua
Z(ua+hj) = the measured variable (air velocity) at a measurement location hj distance
away from ua
The function ‘variogram’ contained within the GSTAT package in R determined
the separation distances and calculated the semi-variance at each of these distances.
Semi-variance values were then plotted to produce a semi-variogram.
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Figure 2.9

Sampling locations for vertical plane velocity distribution maps.

a) 10 sampling locations, b) 20 sampling locations, c) 40 sampling locations.
The resulting semi-variance data for each measurement density was fit with an
exponential model by the ‘fit.variogram’ function contained in the GSTAT package in R.
The exponential fit model is given by equation 2.3:
ℎ

𝛾(ℎ) = 𝐶0 + 𝐶 (1 − 𝑒 −𝑎 )
where:
C0 = the nugget (y-intercept) parameter
C = the sill parameter
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(Eq. 2.3)

h = the separation distance between points
a = the range parameter
The resulting models were stored and utilized in the final interpolation. Initial
estimates for the nugget, range and sill parameters were provided to the fit.variogram
function, as well as a cut-off value for separation distances to be considered. These initial
estimate values were held constant for each sampling density being interpolated. The cutoff values were adjusted slightly to avoid singularity during least squared regression
fitting of the semi-variance data when possible.
Universal Kriging was performed using the exponential models obtained from
regression results of the semi-variance data for each measurement density (Cressie,
1993). The ‘krige’ function contained within the GSTAT package was used with inputs
being spatial measurement locations, measured data at these locations, points within the
bounds of the data to be interpolated, and the model produced from least squares
regression fitting of the semi-variance data for each measurement density assessed.
Velocity distribution maps were generated from the resulting interpolated data.
Leave-one-out cross validation (David, 1976; Delfiner, 1976) was performed on
each interpolation result to produce fit statistics for comparison. This validation method
removes one measurement point from the dataset and completes the interpolation process
using the same semi-variance model used to generate the interpolated surface. The
interpolated point representing the measurement point removed was then compared to the
actual measurement point to calculate fit statistics. This process was completed for every
measurement point included in the data set using the ‘krige.cv’ function contained within
the GSTAT package. Mean squared prediction error (MSPE) and correlation of observed
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values versus predicted values for the entire cross-section were the metrics by which fit
quality of the interpolation was assessed.
2.4
2.4.1

Results and Discussion
Sensor Calibration
The minimum coefficient of determination (R2) for all sensors calibrated was

0.989 and the maximum root mean squared error (RMSE) was found to be 0.221 m·s-1.
The RMSE was less than the velocity value commonly considered as still air (0.254 m·s1

), indicating the sensor calibrations were acceptable. All slope coefficients for the

calibrated sensors were significantly different from unity (all P-values < 0.0001) and
intercept terms for two sensors were significantly different than zero at a significance
level α = 0.05. Data were corrected using the calibration slope and intercept values prior
to analysis. Temperature inside the facility during measurement was 30.7° C causing the
sensor accuracy to increase to ± 12.2%. Final measurement uncertainty achieved ranged
from ± 10.7 % (± 0.67 m·s-1) to ± 15.2% (±0.76 m·s-1) for the six sensors evaluated.
2.4.2

Horizontal Plane
Regression analysis of semi-variance data showed that a first-order exponential

relationship (equation 3) provided the most accurate fit. Figure 9 shows the three semivariance plots for the three horizontal plane sampling densities. Influence weighting for
the separation distances at the 12.19 m sampling density (fig. 2.10a) were generally
constant due to the large space between cross-sections. More information was provided to
the model with the 6.10 m sampling density and equal weights were applied past the 10
m separation distance (fig. 2.10b). The 3.05 m sampling density provided the most
36

information to the model with equal weights being applied after the 14 m separation
distance (fig. 2.10c). Parameters attained from this regression analysis of each set of
semi-variance data (three sub-samples at 12.19, 6.10, and 3.05 m axial sampling density)
were used for Universal Kriging interpolation.
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Figure 2.10

Semivariograms and regression lines for axial sampling density.

(a) 12.19, (b) 6.10, and (c) 3.05 m
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Figures 2.11 through 2.13 show the interpolated velocity distribution maps at 0.46
m above the litter for the 12.19, 6.10, and 3.05 m axial sampling densities respectively.
At the 12.19 m sampling density no information about air flow patterns is revealed in the
distribution map. As the sampling density is increased to the 6.10 m interval some
patterns begin to appear. A low velocity area is visible at the inlet end of the facility and
increased velocities down the length of the facility.
The 3.05 m sampling interval yielded improved qualitative information (fig.
2.13). Several artifacts can be seen within the distribution map such as a low velocity
area near the west end of the facility, the high velocity area where air enters the facility or
the vena contracta, low velocity regions along the south wall created by the forced air
furnace inlets and a transition area near the east end of the facility generated by the tunnel
ventilation fans. A partially fallen plastic brood curtain, approximately 93 m down the
house, reduced the cross-sectional area of the facility at that location, increasing local air
velocity which in turn created a high velocity region. The two higher velocity areas
running from the first brood curtain (~ 34 m) to the second brood curtain at 93 m were a
result of air speeding up below the radiant brooders.
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Figure 2.11

Interpolated air velocity distribution results for 12.19 m axial sampling
density at 0.46 m above litter bed.
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Figure 2.12

Interpolated air velocity distribution results for 6.10 m axial sampling
density at 0.46 m above litter bed.
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Figure 2.13

Interpolated air velocity distribution results for 3.05 m axial sampling
density at 0.46 m above litter bed.
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Leave-one-out cross-validation results confirmed that the higher sampling density
of 3.05 m axial intervals provides an improved representation of air velocity distribution
than the lower sampling densities (table 2.3). The MSPE was lowest and the correlation
between observed values and predicted values was highest at the 3.05 m sampling
density, indicating that the resulting predicted values were closer to the actual measured
values than at the lower sampling densities. This result coupled with the increase in
visible and distinct velocity regions in the interpolated distribution map, indicated that an
axial sampling interval of ≤ 3.05 m is required to accurately construct axial velocity
distribution maps with a system like the SEAS. However, the time required to measure a
facility at 3.05 m sampling intervals is greater than that required to measure at 12.19 m or
6.10 m intervals.
Table 2.3

Kriging leave-one-out cross-validation results for differing horizontal plane
measurement densities.

Measurement Density (m)
12.19
6.10
3.05

2.4.3

MSPE (m·s-1)
0.14
0.12
0.10

Observed versus Predicted
0.39
0.69
0.79

Vertical Plane
Measurement density results for the vertical plane cross-sections measured at

cross-sections B, E, H, N, Y, and JJ were similar to those found in the horizontal plane
analysis. Figure 2.14 shows the semi-variograms for the vertical plane cross-section AJ
with (a) 10 measurement points, b) 20 measurement points and c) 40 measurement
points. Measuring more points in this plane provides more semi-variance information
which produces a better regression fit and model to be used in the interpolation.
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Figure 2.14

Semivariograms and regression lines for measurement points at crosssection AJ for vertical plane measurement density.

(a) 10, (b) 20, and (c) 40
Note: Differing Y-axis scales.
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Interpolated air velocity distribution maps for the vertical cross-section JJ are
shown in Figures 15 – 17 with 10, 20, and 40 measurement points, respectively. Similar
to the horizontal plane distribution maps, the interpolated velocity distribution map with
the fewest measurement points provides little information with nearly linear gradients
from litter to ceiling (fig. 2.15). The only information about the velocity distribution
shown in this map is that the air velocity is higher near the ceiling than at the litter.
Twenty measurement points (fig. 2.16) begins to show areas of low and high velocity
near the side-walls and center of the cross-section, respectively. The most detailed
information about the air velocity distribution is visible with the maximum 40
measurement points (fig. 2.17). Five areas of higher air velocity are outlined in the center
of the cross-section and low velocity areas near the side-walls and litter can easily be
seen. Similar velocity distribution patterns were detected in the vertical plane as reported
by (Wheeler et al., 2002) wherein air velocity was increased as the measurement location
height increased. The low velocity areas near the ceiling of each wall were caused by
metal knee braces obstructing air flow at cross-section JJ. Similarly, the low velocity area
near the litter was due to the inlet of an external forced air furnace blocking air flow. The
remaining cross-sections demonstrate similar effects of measurement density on
visualization detail when compared to cross-section JJ.
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Figure 2.15

Interpolated air velocity distribution results at cross-section JJ

Vertical plane using 10 sampling points
(* indicates general location of forced air furnace).

Figure 2.16

Interpolated air velocity distribution results at cross-section JJ

Vertical plane using 20 sampling points
(* indicates general location of forced air furnace).
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Figure 2.17

Interpolated air velocity distribution results at cross-section JJ

Vertical plane using 40 sampling points
(* indicates general location of forced air furnace).
Generally, cross-validation results for the selected vertical plane cross-sections
confirm that inclusion of all 40 measurement points generate more informative velocity
distribution maps with lower MSPE values and higher correlation between observed and
predicted values (table 2.4). Comparing these results to the methods used by Fairchild
and Czarick (2011) 15 measurement points is fewer than the 20 measurement points
described in this study, which was too coarse to properly define the air velocity
distribution within the cross-sections measured. Semi-variograms constructed from data
using only 10 measurement points yielded a singular fit for the exponential regression
model, indicating the semi-variance curve was close to a flat horizontal line. Singularity
occurs due to the determinate of the correlation matrix being at or near zero which
prevents the fit parameters from converging to a solution.
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Table 2.4

Kriging leave-one-out cross-validation results for differing vertical plane
measurement densities
Observed versus
Predicted
0.797
0.244
0.452
Singular Fit
0.221
0.792
0.171
0.859
0.946
Singular Fit
-0.139
0.718
Singular Fit
-0.286
0.677
0.557
0.476
0.904

Cross-Section Letter

Sampling Points

MSPE (m·s-1)

B
B
B
E
E
E
H
H
H
N
N
N
Y
Y
Y
JJ
JJ
JJ

10
20
40
10
20
40
10
20
40
10
20
40
10
20
40
10
20
40

0.029
0.069
0.067
0.673
0.213
0.564
0.129
0.046
0.203
0.061
0.206
0.071
0.200
0.196
0.045

Cross-section B was an exception wherein inclusion of 10 measurement points
produced a more accurate interpolated surface than the inclusion of 20 or 40 points. The
air velocity measured in this area is very low and less uniform than the other crosssections considered. The coefficient of variation within this cross-section was 33.4% (fig.
2.18), resulting in interpolation error terms of similar magnitude as the data. Including
more points in this case increases the error which allows the fewer measurement points to
appear to provide less error when calculating MSPE and correlation between observed
and predicted values.
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Figure 2.18

Coefficient of variation values for selected vertical plane cross-sections
versus location within the facility

(measured from the west end-wall).
Velocity maps for cross-section B show a distinct difference in distribution
between 10 measurement points (fig. 2.19) and 40 measurement points in the model (fig.
2.20). The 10-point interpolation results demonstrated linearly decreasing air velocity
from the litter to the ceiling. The 40-point interpolation demonstrated a defined higher
velocity area in the center of the cross-section and along the litter. The increase in
velocity distribution information provided by the 40-point model overrides the crossvalidation results which indicate that fewer measurement points produced a better
interpolation fit at this cross-section.
The air velocity distribution maps observed within this facility revealed transition
areas where large changes in air velocity occurred. One example is the area where the
vena contracta effect occurs; the transition area occurred between 10 m and 30 m from
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the west end-wall, 16.4% of the total facility length. Figure 2.21 shows two vertical
planes within the vena contracta measured at cross-sections E (a) and H (b). Variation
within cross-section E is much higher than the more uniform cross-section H. This
change in air velocity distribution occurred over a short 9.2 m distance.

Figure 2.19

Interpolated air velocity distribution results for cross-section B

Vertical plane using 10 sampling points.

Figure 2.20

Interpolated air velocity distribution results for cross-section B

Vertical plane using 40 sampling points.
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Figure 2.21

Vertical plane cross-sections within the vena contracta

located at E (a) and H (b).
Characterizing air velocity in this facility was improved by utilizing higher
sampling densities in both the horizontal and vertical planes. Variation in air velocity
occurred at several locations down the length of the facility due to obstructions and flow
patterns caused by the physical arrangements of the evaporative cooling pad inlets and
exhaust fans. Sampling at higher densities, 40 measurement points across the facility and
3.05 m distances between cross-sections axially, provided sufficient data to characterize
variations in velocity distributions experienced throughout the facility. Marked variations
in air velocity were observed throughout the facility contrary to results reported by
Miragliotta et al. (2006), illustrating that collecting velocity measurements by hand in
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four locations across the facility was not sufficient to detect differences in distribution.
Efforts toward designing the SEAS system to minimize flow disturbance during
measurement could have also contributed to minimizing local variations in air velocity,
thus improving measurements. Though it requires more sensors to collect 40-point crosssections, improved accuracy in interpolation allows for better identification of effects of
equipment placement in the facility on air velocity distribution. For example, the external
forced air furnace inlets affected air velocity distribution approximately 1 m away from
the south side-wall at bird level. Researchers can use this information to improve designs
to minimize these disturbances thus increasing uniformity.
2.5

Conclusion
In tunnel ventilated broiler production facilities, air velocity plays an important

role in maintaining a suitable production environment. Air velocity distribution maps
provide information about how air flows through these facilities and could help identify
areas where changes can be made to improve production efficiency. Specific conclusions
from this research were as follows:


A data acquisition and measurement system, using hot-bead anemometers,
to assess air velocity distribution in commercial broiler production
facilities was successfully developed and deployed. This system allows for
individual vertical plane cross-section measurement while minimizing
obstruction to the air stream and reduces errors by removing human
presence during measurement and eliminating variations in manual sensor
operation.
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Cross-validation methods verified that correlation between observed and
predicted values was higher and MSPE values were lower at higher
measurement densities in both horizontal and vertical planes. An air
velocity distribution map in the horizontal plane produced with the SEAS
data at an axial measurement distance of 3.05 m between cross-sections
provided more information than at longer measurement distances. Several
transition areas down the length of the house are well defined at the 3.05
m sampling distance such as a low velocity area at the inlet, the vena
contracta created by air entering the facility and low velocity areas created
by obstructions or forced air furnace inlets.



Including 40 measurement points to produce air velocity distribution maps
in the vertical plane provided more information than those produced with
fewer measurement points.
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CHAPTER III
ASSESSING THE EFFECT OF HOUSE SIZE AND DESIGN ON AIR VELOCITY
DISTRIBUTION IN COMMERCIAL BROILER HOUSES
VIA THE TRAVERSE METHOD

3.1

Abstract
Convective cooling is a critical management strategy for maintaining a production

environment to promote production efficiency, thermal comfort, and animal well-being.
Variations in house size, design, and equipment configuration of production facilities
contribute greatly to the air velocity distribution within the facility This study assessed
mean cross-sectional air velocities and total air flow of three broiler production facilities.
Test facility 1 was an 18.3 × 170.7 m solid side-wall broiler house, test facility 2 was a
15.24 × 144.8 m solid side-wall broiler house, and test facility 3 was a 12.19 × 121.9 m
curtain side-wall broiler house. Air velocity was characterized in each house with a
Scalable Environment Assessment System (SEAS). Total facility air flow was measured
with a Fan Assessment and Numeration System (FANS). Normalized cross-sectional air
velocity was plotted against proportion of total house length to compare the crosssectional air velocity of the three facilities. Test facility 1 showed 26.5% of the total
house length below superficial velocity while test facility 2 and 3 only had 17.5% and
20.8% below superficial velocity. Exhaust fan placement on the side-walls created a
pronounced low velocity area at the exhaust fan end of test facility 1. House width and
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physical arrangement of the feed hoppers, heating systems, and tunnel fans are critical for
improving uniformity of air velocity in commercial broiler houses.
3.2

Introduction
Current broiler house tunnel ventilation designs focus on meeting air velocity

performance specifications. During the last 15 years, the poultry industry has
implemented steady increases in ventilation design air velocity to improve cooling
through convection, maintain feed consumption and improve feed conversion.
Historically, excessive convective cooling was considered problematic under most
weather conditions. Wilson et al. (1957) reported that continuous air flow passed over
fryers depressed growth in cool weather, but a velocity of 1.5 m·s-1 continuous air
velocity could be beneficial during hot weather. Drury (1966) found that air velocities of
2.7 m·s-1 improved broiler performance when applied in a hot environment representing
summer in the southeastern United States. May et al. (2000) found that a high air velocity
of 2.0 m·s-1 increased feed consumption and reduced water consumption in broilers from
21 – 49 d of age when exposed to a constant temperature of 27° C and a cyclic
temperature of 22° C – 32° C – 22° C.
Mitchell (1985a, b) constructed a wind tunnel calorimeter and assessed
convective and radiant heat losses from broiler chickens at 20° C and 30° C and air
velocities ranging from 0.3 – 1.05 m·s-1. Sensible heat loss was increased with increased
air velocity at high temperature (30° C) and was cited as a beneficial form of cooling.
Simmons et al. (1997) found that sensible heat loss increased with increases in air
velocity, and thermal comfort of the broiler chickens was improved at air velocities above
2.0 m·s-1. Increasing sensible heat loss with high air velocity reduces the need for latent
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heat dissipation by the broilers (panting). This change in heat removal mode is more
efficient due to the reduction of energy expenditures of the birds from panting (Simmons
et al., 2003). Hamrita et al. (1998) monitored deep body temperature of broiler chickens
using biotelemetry. With the presence of increased air velocity deep body temperature
was reduced. Tao and Xin (2002) monitored core body temperature of broiler chickens
during heat stress. A temperature-humidity-velocity index was developed to quantify
homeostasis of the birds in differing environmental conditions. Findings were that drybulb temperature and air velocity effects were highly significant on core body
temperature of the broilers.
The effects of increased air velocity on performance of modern broiler genetics
are well documented in the literature (Lacy and Czarick, 1992; Lott et al., 1998; Furlan et
al., 2000; May et al., 2000; Sevegnani et al., 2000; Simmons et al., 2003; Dozier et al.,
2005a, b; Dozier et al., 2006). Simmons et al. (2003) found that body weight gain (BWG)
and feed conversion increased significantly in six to seven week old broilers with air
velocities of 3.0 m·s-1. Production performance of broiler chickens improved when raised
in differing environmental conditions (cyclic temperatures, high ambient temperatures,
and moderate temperatures with a high dew point) while being exposed to continuous
high air velocity of 2.79 – 3.0 m s-1 (Dozier et al., 2005a, b; Dozier et al., 2006). Given
that the benefits of increased convective cooling for broilers are well documented,
quantifying spatial air velocity variations across different house sizes and equipment
configurations may identify areas of reduced production efficiency and impetus for
design improvements.
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Limited information about the variability of air velocity within poultry production
facilities exists within the literature. Wheeler et al. (2002) reported average air velocities
between 1.7 and 2.6 m·s-1 in a tunnel ventilated broiler production facility with 0.5 – 0.9
m·s-1 reduction between human and bird level heights above the litter. Fairchild and
Czarick (2011) assessed air velocity distribution in a tunnel ventilated broiler house and
found a 10 % reduction in air velocity between the center and side-wall. Miragliotta et al.
(2006) assessed environmental parameters including air velocity in a tunnel ventilated
broiler house and observed little variation in air velocity, which was attributed to proper
tunnel ventilation design. However, the absence of detectable variations in air velocity by
Miragliotta et al. (2006) likely resulted from low sample density and human error.
Variation in convective cooling in tunnel ventilated facilities may contribute to variations
in live performance and thermal comfort.
Convective cooling is a critical management strategy for maintaining a production
environment that promotes production efficiency, thermal comfort, and animal wellbeing. Variations in size, design, and equipment of broiler houses contribute greatly to
the air velocity generated. The objective of this study was to assess air velocity
distribution and total air flow across three house sizes and design configurations using the
traverse method to characterize variation in air velocity within the facility which may
affect production efficiency and thermal comfort.
3.3
3.3.1

Materials and Methods
Facility Description
Three facilities were assessed for this study. Test facility 1 was an 18.3 × 170.7 m

commercial broiler production facility with 2.0 m solid side-walls and a 3.2 m ceiling
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peak height (fig. 3.1a). This facility was equipped with 14 132-cm ventilation fans
(49862-41B, Chore-Time Equipment, Milford, IN). Seven fans were located on the north
and south side-walls at the west end of the facility. Evaporative cooling pad inlets (42.7 ×
1.52 m) were located on the north and south side-wall and were at the east end of the
facility. Charge hoppers for the three feed lines were located at east and west ends of the
facility and two drinker lines were located on either side of each feed line. Curtains for
half house brooding were located at 60 m and 120 m from the east end-wall and were
stowed during testing. A set of radiant tube brooders, at center house, ran the length of
the house near the ceiling.
Test facility 2 was a 15.24 × 144.8 m tunnel ventilated broiler production facility
with 2.4 m solid side-walls and a 3.5 m ceiling peak height (fig. 3.1c). This facility was
equipped with 12 132 cm exhaust fans (Breezemaster BDR54J1-C, Acme Engineering &
Manufacturing Corp., Muskogee, Okla. Four fans were located on both the east and west
side-walls and four fans were placed on the north end-wall. Evaporative cooling pad
inlets (1.52 × 33.0 m) were installed on both side-walls at the south end of the facility.
Three feed lines and six drinker lines ran the length of the facility with feed line charge
hoppers (6) located at center house. Radiant brooders were located above each of the side
feed lines and plastic curtain air deflectors were installed on the ceiling at 12.2 m
intervals. Air deflectors were not deployed during testing.
Test facility 3 was a 12.19 × 121.9 m commercial curtain-sided broiler production
facility with 2.4 m side-walls with exposed posts and a 3.7 m ceiling peak height (fig.
3.1b). This facility was equipped with 10 121.9 cm exhaust fans (6603-7205, Hired Hand,
Inc., Bremen, Ala.) installed at the east end of the facility. Two fans were located on both
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the north and south side-walls and six fans across the east end-wall. This facility was
equipped with 16.8 × 1.52 m evaporative cooling pad inlets on the north and south sidewalls at the west end of the facility. Curtains to separate the brooding area were located at
30 m and 95 m from the west end-wall and were stowed during testing. Three feed lines,
six drinker lines, and radiant brooders were installed inside the facility. Six feed line
charge hoppers were located at center house.

61

Figure 3.1

Schematic representation

a) test facility 1, b) test facility 2, and c) test facility 3 (not to scale).
3.3.2

Air Velocity Measurement
Cross-sectional air velocity measurements were taken using the Scalable

Environment Assessment System (SEAS). Transverse spacing for the seven SEAS masts
in test facility 1 were 0.92, 3.35, 6.0, 8.88, 12.05, 14.87, 17.34 m (fig. 3.2). Transverse
spacing for the five SEAS masts in test facility 2 were 0.91, 4.67, 7.56, 10.49, and 14.02
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m. Transverse spacing for the five SEAS masts in test facility 3 were 0.91, 3.45, 6.58,
9.47, and 12.04 m. Horizontal distances between sensor elements on each mast was 1.45
m for all test facilities. Sensor numbers as installed in test facility 1, 2, and 3 are shown in
figure 3.3.

Figure 3.2

Traverse air velocity measurement with the SEAS deployed in test facility
1.
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Figure 3.3

Air velocity sensor numbers and layout for test facility

a) 1, b) 2, and c) 3 (not to scale).
Sensor locations within the cross-section are detailed by number in table A.1 in
the appendix. Axial distance between cross-sections was 2.44 m in test facility 1 and 3.05
m in test facility 2 and 3. These distances provided a convenient method for aligning the
SEAS with the roof trusses in each facility (measurement were taken every two trusses).
Once the masts were placed into position, personnel exited the facility and a two minute
equilibration period was exercised before measurements were collected from the sensors.
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Three sub-samples of air velocity measurements were collected for two minutes each at a
1 Hz sampling rate. This procedure was repeated for every cross-section.
3.3.3

Air Flow Measurement
Total facility air flow was collected with a Fan Assessment and Numeration

System (FANS) in all facilities (Simmons et al., 1998b). Test facility 1 and 2 required a
137.2 cm FANS unit while test facility 3 utilized a 121.9 cm FANS unit each with a data
acquisition system as described by Sama et al. (2008). Each unit was calibrated at the
University of Illinois BESS fan test facility (Gates et al., 2004). Quantifying the flow rate
of a given facility in situ yields the air velocity development potential of the facility
(superficial air velocity) when the internal cross-sectional area is known.
During data collection the FANS unit was placed flush with the wall and a layer
of 8.9 × 38 cm poly-encapsulated fiber glass insulation (B1284, Johns Manville, Inc.,
Denver, Col.) was compressed between the wall and the FANS unit to minimize leakage
(fig. 3.4).
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Figure 3.4

Air flow data collection with 137.2 cm FANS unit in test facility 1.

Two air flow readings were collected for each fan within the facility and a third
reading was collected if the difference between the initial two readings was greater than
2%. The collected measurements were averaged to provide mean air flow for each
individual fan.
3.3.4

Mathematical and Statistical Methods
Uncertainty analysis was performed on six selected sensors within the cross-

section 3.05 m downstream from half house per Hoff et al. (2009). Least squares
regression with a linear model was used to calibrate each anemometer (SAS, 2012).
Actual air velocity values were estimated using the regression equation and measured
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values within the cross-section. The 95% confidence interval for these estimated values
were also given from the regression. The equation used to estimate the uncertainty of
measurement was as follows:

𝜕𝑉𝑟𝑒𝑔𝐸𝑞

∆𝑉 = [(𝜕𝑉

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

2

2

∙ ∆𝑉𝑠𝑒𝑛𝑠𝑜𝑟 ) + ∆𝑉95%𝐶𝐼 ]

1⁄
2

(Eq. 3.1)

where:
ΔV = measurement uncertainty (m·s-1)
VregEq = final regression equation from the linear least squares method for an
individual sensor
Vmeasured = measured input value to regression equation
ΔVsensor = estimated uncertainty of the sensor from the manufacturer’s
specification
ΔV95%CI = 95% confidence interval for the estimated actual air velocity from the
regression
Manufacturer specified accuracy of the anemometers (F-333-2-5-0, Degree
Controls, Inc., Milford, N.H.) was temperature dependent (± 10 % of the reading between
20° C and 30° C). Accuracy decreased by ± 0.25 % and 0.005 % when measurements
were taken between temperature ranges of 15° – 19° C or 31° – 60° C, respectively.
Sensor accuracy with respect to temperature is shown in figure 3.5. Temperature within
each cross-section was measured with combined temperature/relative humidity sensors
(HMP60, Vaisala, Inc., Woburn, Mass.) at four locations.
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Figure 3.5

Anemometer measurement accuracy with respect to temperature during
measurement per manufacturer specification.

Air velocity distribution maps were generated using the GSTAT package
(Pebesma, 2001) in R (R, 2012). An exponential function (equation 3.2) was fitted to the
semi-variance (γ) data.
ℎ

𝛾(ℎ) = 𝐶0 + 𝐶 (1 − 𝑒 −𝑎 )
where:
C0 = the nugget (y-intercept) parameter
C = the sill parameter
h = the separation distance between points
a = the range parameter
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(Eq. 3.2)

Universal Kriging (Cressie, 1993) was used to interpolate between measured data
points with the ‘krige’ function in the GSTAT package. Internal cross-section areas of
47.9, 44.2, and 39.1 m2 were measured for test facility 1, 2, and 3 respectively. In order to
compare three facilities of differing size and configuration air velocity was normalized
for each cross-section based on the superficial velocity. Superficial air velocity (Vs, m·s1

) was calculated via the continuity relationship (Henderson et al., 1997) using the

internal cross-sectional area of the facility and total measured flow (equation 3.3):
̅
𝑄𝑇𝑜𝑡𝑎𝑙 = ∑𝑁
𝑖=1 𝑄𝑖

(Eq. 3.3)

where:
i = an individual fan installed in the facility
N = total number of fans installed in the facility
Q̅i = mean FANS flow for an individual fan (m3·h-1)
Pressure loss for each facility was estimated by assuming the facilities behaved as
a long straight rectangular duct while ignoring inlet and exhaust effects. The Darcy
friction factor (f) was calculated by the Colebrook Equation (equation 3.4)(Wilcox,
2003).

1
√𝑓

=

𝑘𝑠
⁄𝐷
−2 log10 ( 𝑒
3.7

+

2.51
𝑅𝑒𝐷 √𝑓

)

where:
ks = absolute roughness (0.5 for ordinary wood) (m)
ReD = Reynold’s number
De = equivalent diameter (m)
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(Eq. 3.4)

Pressure loss (ploss) at various velocities was calculated via the Darcy-Weisbach equation
(equation 3.5) (Wilcox, 2003).
𝑙

𝜌∙𝑉 2

𝑝𝑙𝑜𝑠𝑠 = 𝑓 (𝐷 ) (
𝑒

2

)

(Eq. 3.5)

where:
f = Darcy friction factor
l = length of the duct (m)
De = equivalent diameter (m)
ρ = density of the fluid (1.14 kg·m-3 for air at 27.8° C and 80% RH)
V = velocity
Ventilation rates for temperature control were also estimated for the three
differing house sizes. A steady state sensible heat balance was adapted to calculate the
ventilation rate required to maintain a 4° C temperature rise within each facility based on
total heat production of the birds (equation 3.6) (Albright, 1990; ASABE Standards,
2008).
𝑆𝐻𝑃∙𝑣
𝑉̇ = (𝑐 ∙∆𝑇) ∙ 3600
𝑝 𝑎𝑖𝑟

where:
V̇ = ventilation rate (m3·h-1)
SHP = sensible heat production of the birds within the facility (W)
v = specific volume of air (m3·kg-1)
cp = specific heat of air (J·kg-1·°C-1)
ΔT = temperature rise within the facility (°C)
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(Eq. 3.6)

Normalized velocity for temperature control (VSTN) was estimated using equation 3.7.
𝑉𝑆𝑇𝑁 =

𝑉𝐷𝑒𝑠𝑖𝑔𝑛
𝑉𝑆

(Eq. 3.7)

where:
VDesign = calculated superficial velocity based on housing specification (m·s-1)
3.4

Results and Discussion
Air velocity and air flow measurements were collected in three commercial

broiler houses using the traverse method and FANS units. Mean cross-sectional air
velocity was calculated for all facilities and normalized by superficial air velocity for
comparison. During data analysis it was observed that two sensors (sensor no. 17 and 23)
in test facility 2, and three sensors (sensor no. 18, 24, and 39) were not functioning
properly in test facility 3; these sensors were excluded from this analysis. Uncertainty for
air velocity measurement ranged from 6.2 % - 16.5 % across the three facilities for the six
locations analyzed. Temperature effects on accuracy of the sensors was ± 0.1 %, ± 12.5
%, and ± 12.2% for test facility 1 – 3 respectively.
Air velocity distribution is illustrated in the vertical plane for test facility 1, 2, and
3 (fig. 3.6a-c). These cross-sections were approximately 12.2 m upstream of the first
exhaust fan (29.3 m from the west end-wall, 27.4 m from the north end-wall, and 19.8 m
from the east end-wall for test facility 1, 2, and 3, respectively). Noticeably increased air
velocities are present at greater distances above the litter in both facility 1 and 3. This
coincides with findings by Wheeler et al. (2002b). Measured air velocity is low near the
ceiling in test facility 3 (Figure 3.6c) due to flow obstruction from a retracted brood
curtain was located 3.1 m upstream of this cross-section. Test facility 2 demonstrated
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higher air velocities from 0 to 1.68 m above the litter. Air deflector curtains installed in
this facility every 12.19 m provided the same effect as the retracted brood curtain in test
facility 3. During measurement these curtains were retracted caused local reductions in
the cross-sectional area of the facility and increases in the mean cross-sectional air
velocity. Regions of reduced air velocity occured at each side-wall near the ceiling in all
facilities due to knee braces at these locations. A reduced velocity region at
approximately (X, Y) = (0.2 m, 0.7 m) in Figure 3.6c was created by the presence of
external forced air furnace inlets on the southern side-wall in test facility 3.
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Figure 3.6

Vertical plane velocity distribution at 12.2 m upstream of the first exhaust
fan

a) test facility 1, b) test facility 2, and c) test facility 3.
Horizontal planes (plan view) of air velocity distribution for test facility 1 at a)
0.46 m and b) 1.68 m are shown in figure 3.7. A region of low air velocity (≤ 1.5 m·s-1)
can be seen across the entire house width and extending approximately 24.4 m down the
length of the facility that represents a “dead space” at the air inlet region of the facility.
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As air enters the facility a separation bubble is created at the side-walls. These bubbles
reduce the flow area creating a high velocity area called the vena contracta at the center
of the facility (Wilcox, 2003). The vena contracta was observed starting at 43.8 m
axially. Mounting all the exhaust fans on each side-wall created an additional region of
low air velocity beginning at 163.4 m axially and continuing to the end of the facility at
0.46 m above the litter. This area was reduced at 1.68 m above the litter starting at 167.0
m axially.
The horizontal plane for test facility 2 shows 9 distinct regions of increased air
velocity down the length of the facility at both 0.46 m (fig. 3.8a) and 1.68 m (fig. 3.8b)
above the litter. These areas of increased air velocity were located at the same crosssections as the air deflectors. A low velocity region near the air inlets was present in this
facility. A disruption down the center of the facility was caused by a sensor located near a
feed line. Similar to test facility 1, a low velocity region was present at the exhaust fans
0.46 m above the litter and reduced at 1.68 m above the litter. This area is less
pronounced in test facility 3 than in test facility 1 due to four of the exhaust fans’ location
on the north end-wall of test facility 2.
Similar distribution patterns were present in the horizontal plane for test facility 3
(fig. 3.9). The low velocity region associated with the air inlets extends approximately
12.2 m into the facility and across the entire width. The vena contracta started at 17.5 m
along the length of the facility. At approximately 30 and 97.5 m axially, the air velocity is
increased at both 0.46 and 1.68 m above the litter from retractedbrood curtains reducing
the effective internal area of the facility at these cross-sections and locally increasing air
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velocity. No low velocity regions were observed at the exhaust fan end of the facility due
to the fans being placed on the end-wall of test facility 3.
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Figure 3.7

Horizontal plane velocity distribution (top view) of test facility 1

a) 0.46 and b) 1.68 m above the litter.
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`
Figure 3.8

Horizontal plane velocity distribution (top view) of test facility 2

a) 0.46 and b) 1.68 m above the litter.
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Figure 3.9

Horizontal plane velocity distribution (top view) of test facility 3

a) 0.46 and b) 1.68 m above the litter.
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Table 3.2 shows total facility flow quantified with the FANS units and superficial
velocity for test facility 1, 2, and 3. Figure 3.10 shows the normalized mean air velocity
per cross-section versus proportion of total house length. As house length increases, the
normalized air velocity increased until fully developed flow occurs within the facility.
Fully developed flow occurred between 10 and 20% of house length for all facilities.
Variations in inlet size and flow capacity between the three facilities contribute to the
variation in the axial location where fully developed flow occurs. Test facility 1 showed a
sharp decline in normalized air velocity at approximately 80% of house length due to fan
placement. Czarick and Fairchild (2011) assessed tunnel ventilation fan placement
between side-wall and end-wall and its effect on air velocity distribution. Results showed
that no effect on air velocity distribution occurred at 30.5 m upstream of the exhaust fan
end-wall with equal number of end-wall ventilation fans running versus side-wall
ventilation fans running. Simmons et al. (1998a) studied flow rate of exhaust fans placed
on the end-wall versus the side-wall in a tunnel ventilated broiler production facility.
Results showed that performance of exhaust fans declined as the placement on the sidewall became closer to the inlet end of the facility. The decline in mean cross-section
velocity observed near the end-wall in test facility 1 was largely due to the fact that no
fans were located on the end-wall of the facility.
Table 3.1
Test
Facility
1
2
3

Total facility flow and superficial air velocity for all facilities assessed.
Total Flow
(m3·h-1)
512,730
389,495
329,270

Average Pressure at
Fans (Pa)
39.6
36.3
36.8
79

Internal Area
(m2)
47.9
44.2
39.1

Superficial Velocity
(m·s-1)
2.97
2.45
2.34

Figure 3.10

Cross-sectional mean air velocity normalized by superficial air velocity for
test facility 1, 2, and 3 between 0% and 100% of house length.

These results show that 26.5% of the total house length was below superficial
velocity for test facility 1 while test facility 2 and 3 had only 20.8% and 17.5% of total
house length below superficial velocity respectively. Some cross-sections in the fully
developed flow region of test facility 3 were at or slightly below its superficial velocity.
Obstructions within the facility including radiant brooders, feed line charge hoppers,
forced air furnace inlets, rolled brood curtains, and post side-wall construction may have
contributed to these low velocity cross-sections. Test facility 2 shows several normalized
air velocity peaks and valleys down the length of the facility due to the effect of the
stowed air deflectors. Test facility 1 had the highest normalized superficial velocity
within the fully developed flow region but also had the highest total facility flow rate.
Average pressures at the fans were 39.6, 36.3, and 36.8 Pa for test facility 1, 2, and 3
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respectively. Assuming 10.8 bird·m-2 measured flow capacity was 15.3, 16.4, and 19.6
(m3·h-1)·bird-1 for test facility 1, 2, and 3 respectively. Figure 3.11 shows the theoretical
pressure loss (air at 27.8° C dry bulb and 80% relative humidity) as air velocity increases.
At higher air velocities, pressure loss was greater for test facility 2 and 3 than that for test
facility 1. The larger cross-sectional area of test facility 1 allows for more air flow
through the facility. Higher air velocities were achieved in test facility 1 with lower flow
rate per bird due to the decreased pressure loss.

Figure 3.11

Theoretical pressure loss versus velocity for the three differing house sizes.

Traditional design practice calls for limiting temperature rise from inlet to exhaust
to 1.5 to 2° C with a maximum of 4° C (Albright, 1990), however current broiler house
design practices have focused on attaining a prescribed air velocity to meet integrator
performance specifications. Assuming a stocking density of 10.8 bird·m-2, 3.63 kg bird
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weight, and total heat production of 27.2 W·bird-1 (Pedersen and Sällvik, 2002), the
sensible heat produced by the birds was 321.3 kW, 227.1 kW, and 160.6 kW for test
facility 1, 2, and 3 respectively. The ventilation required to remove bird heat production
and maintain a 4° C temperature rise in an evaporatively cooled broiler house (air at
27.8° C dry bulb and 80% relative humidity) was 252,634 m3·h-1, 178,573 m3·h-1, and
126,317 m3·h-1 for facility 1, 2, and 3 respectively. Superficial air velocity for
temperature control was 1.47 m·s-1, 1.12 m·s-1, and 0.90 m·s-1 for test facility 1, 2, and 3.
Normalized superficial velocity for temperature control was 0.49, 0.46, and 0.38 [m·s1

·(m·s-1)-1] for test facility 1, 2, and 3 respectively. Test facility 1 had 10.1% of the

facility length below the normalized superficial velocity for temperature control at the
exhaust fan end of the facility. The air temperature rise resulting from the addition of
sensible heat from metabolic heat production and conduction through the building
envelope necessitates maintaining air velocity critical to maintaining thermal comfort.
Reduced air velocity at the exhaust end of broiler production facilities will likely have a
negative effect on production efficiency.
3.5

Conclusion
Cross-sectional air velocity and total air flow were assessed in three commercial

broiler production facilities with differing house size and design. Superficial air velocity
was determined for each facility and used to normalize mean cross-sectional air velocity
over the length of the facility to provide for comparison. Test facility 1, the largest of the
three houses, generated substantially higher air velocity than that of test facility 2 and 3.
Theoretical pressure loss calculations showed test facility 1 had the lowest pressure loss
down the length of the facility due to the larger internal area of the facility. Test facility 2
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and 3 maintained a larger proportion of cross-sectional air velocities above superficial
velocity than did test facility 1. Test facility 1, 2, and 3 had 26.5 %, 20.8 %, and 17.5 %
of their respective house length below superficial velocity, owing to arrangement of
exhaust fans and evaporative cooling pad inlets. A theoretical sensible heat balance
showed test facility 1 had 10.1% of the facility length below the normalized superficial
velocity for temperature maintenance at the exhaust fan end of the facility. Physical
arrangement of the feed hoppers, heating systems, and tunnel fans may be important in
improving uniformity of air velocity in commercial broiler houses.
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CHAPTER IV
DEFINING INPUT PARAMETERS FOR IMPLEMENTING PRECISION
LIVESTOCK FARMING IN COMMERCIAL LIVE
PRODUCTION OF BROILER CHICKENS

4.1

Abstract
Precision Livestock Farming (PLF) seeks to improve production efficiency and

animal well-being by model based control of animal production facilities. Identifying and
managing to reduce performance variability is integral to PLF. Four broiler production
facilities were assessed for spatial bird body weight (BW) variability. The facilities were
15.24 × 144.8 m solid side-wall tunnel ventilated broiler houses containing birds at 58
and 59 d of age. Birds were weighed at two center locations and two edge locations
within a cross-section with four cross-sections assessed in each facility. Significant
differences in BW were found between birds residing at center house (3.47 kg average)
and at the side-walls (3.38 kg average) (P = 0.025). No significant differences were found
between axial locations within the facility (P = 0.51) nor with the interaction of axial
location and transverse location (P = 0.29). A spatial representation of mean BW was
generated to show the variability within the four facilities assessed. Variability in BW
may be attributed to any number of nutrient, behavioral or environmental, including air
velocity, causes. A discussion of input/control parameters for PLF management of broiler
production is presented. Quantification of performance variability within these facilities
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and defining models for control of input parameters is essential to making PLF
management feasible.
4.2

Introduction
Precision Livestock Farming (PLF) is a management practice that evolved from

the concept of site-specific crop management (SSCM) or Precision Agriculture (PA).
Conventional crop management treats an entire field as one fixed unit. With PA
management practices, the field is divided into zones and managed at a higher resolution.
PLF also allows for the management resolution (entire facility vs. small groups of
animals vs. individual animals) to be adjusted (Wathes et al., 2008). PLF collects data
about the animal and environment via low-cost sensors and techniques, utilizes computer
models to evaluate the data collected, and monitoring or control of the system is
completed based on the information (Berckmans, 2008). By utilizing communication and
information technologies, targeted resource use, and precise control of the production
environment, PLF can improve efficiency and animal well-being (Banhazi et al., 2012).
Challenges with PLF arise because of the manner in which the responses of the animals
are interconnected with multiple inputs and are not easily defined (Frost et al., 2003;
Wathes et al., 2008).
PA is a relatively new practice in crop production. The goal of PA is to apply
inputs to areas of the field that can realize the most gain while reducing input costs by not
applying inputs to areas with lower potential (Srivastava et al., 2006). One key
component to reducing management zone size is the ability to assess the variability
within the field and is typically achieved through yield mapping in agricultural fields.
Engine speed as an indicator of grain flow rate and a microwave ranging system were
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installed on an agricultural combine used to measure crop yields spatially (Schueller and
Bae, 1987). Results of this work coincided with the operator’s perception of yield while
harvesting. Areas of higher engine speed were attributed to compacted soil within a
driving path in the field. Searcy et al. (1989) utilized the same microwave positioning
system and a paddle wheel grain flow meter to assess spatial yield within a grain field.
The variations within the field corresponded with missing rows (low yield) and areas of
compacted soil (low yield).
Identifying problem areas within a facility would allow a producer to manage
these areas differently to reduce input costs and optimize output. Management of inputs
on a site-specific basis provides control of variability within the crop. Ferguson et al.
(2002) studied the effect of site-specific nitrogen management versus uniform nitrogen
management in five annual corn crops. Nitrogen use efficiency was not affected by
treatment and application algorithms were insufficient to optimize nitrogen use
efficiency. Remote sensing in real-time and carefully timed site-specific nitrogen
application were some recommended methods for improving nitrogen use efficiency
(Ferguson et al., 2002). PLF seeks to assess the condition of the animals and the
environment in real-time (Berckmans, 2008). Like PA, implementation of PLF begins
with identifying control parameters and variations in yield by first assessing the
variability in yield output of management units within the production system.
Flock uniformity and average BW are utilized in the broiler industry to adjust
feeding regimens and as an indicator of when a flock is ready for processing. Jaap (1955)
recommended weighing approximately 25 birds from 3 locations within a flock of 200 or
greater birds to estimate average BW of the flock. Harms et al. (1984) recommended
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weighing birds in groups of 5 to estimate pullet flock average BW and uniformity. Fattori
et al. (1992) estimated flock BW uniformity of broiler, broiler breeder and pullet flocks
by weighing different sample sizes of each. Results of this study showed individual bird
weights provided a better estimate of flock uniformity than did group weights and 1% of
the flock should be weighed if possible. Fattori et al. (1992) noted that costs were
associated in increasing sample size for determining flock uniformity in disrupting the
flock and this should be taken into consideration when determining mean BW. Turner et
al. (1984) developed an automatic weighing system for poultry consisting of a strain
gauge connected to a perch monitored by a microcontroller. Estimation of the mean BW
of a flock was done at an accuracy of ±2.5% when at least 100 birds visited the perch per
day. Bird BW was also cited as a good indicator of performance (output) for the broiler
chicken production system. Similar commercial bird BW measurement systems are
currently in use in some broiler production facilities. These systems perform well with
young birds, but as the birds age and increase in BW they tend to use the perch less
frequently or not at all (Bill Brown, University of Delaware, personal communication,
June, 2013).
4.2.1

Objectives
In order to identify variable input parameters for PLF within the integrated broiler

production system, spatial variation in yield should be quantified. Specific objectives for
this research were as follows:


Spatially measure a performance parameter (bird BW) within commercial
broiler production facilities to assess output variability within the system.
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Discuss input parameters that could be controlled via PLF practices that
might contribute to output/yield variability.

4.3
4.3.1

Materials and Methods
Facility Description
The test facilities for this study were four 15.24 × 144.8 m tunnel ventilated

broiler houses with solid side-walls located in central Mississippi (fig. 4.1). The facilities
were all of similar construction and approximately three years old with a 2.4 m side-wall
and 3.4 m ceiling peak. Each house was equipped with twelve 132-cm exhaust fans
(Breezemaster BDR54J1-C, Acme Engineering & Manufacturing Corp., Muskogee,
Okla.) which generated air flow for ventilation. The east and west side-walls each had 4
exhaust fans while 4 exhaust fans were placed on the north end-wall. Three feed lines and
six drinker lines ran the length of each facility and six feed line charge hoppers were
located at the center of each facility. Radiant brooders were suspended from the ceiling
every 12.2 m in two rows near the outside feed lines. Air inlets were located on the east
and west side-walls at the southern end of the facility and were equipped with 1.52 × 33.0
m evaporative cooling pads and tunnel inlet doors. Air deflectors were suspended from
the ceiling every 12.2 m and measured 0.9 m from the ceiling peak when deployed. All
exhaust fans were operating and all air deflectors were deployed during measurement.
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Figure 4.1

Test facility schematic (not to scale).

Tunnel ventilated broiler production facility measuring 15.24 × 144.8 m with twelve 132cm exhaust fans installed. Air inlets measured 1.52 × 33.0 m and were installed on the
east and west side-wall. Nine air deflectors were installed on the ceiling down the length
of the facility.
4.3.2

Spatial Bird Weight Measurement
Spatial distribution of bird BW at a flock age of 58 and 59 d was assessed across

four commercial broiler production facilities. Each house was divided into four sections
by three migration fences placed across the facility in the transverse direction per
standard production practices. A stocking density of 10.8 bird·m-2 was assumed which
yielded 5938 birds within each 551.7 m2 section. Four cross-sections were measured per
facility (1, 2, 3, and 4 in fig. 4.2) with 40 birds per cross-section yielding 0.67% of the
flock being sampled to minimize disruption of the flock. Birds were collected at four
locations in the transverse direction (left (L), center-left (CL), center-right (CR), and right
(R) in fig. 4.2) at the center of each of the four house sections. Wire holding pens were
placed over at least ten birds at each cross-section in order to collect individual birds that
originally resided in the areas being assessed. Ten birds per pen were collected and
weighed with some care being taken to weigh equal numbers of males and females.
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Figure 4.2

Schematic of bird weight measurement locations within the test facility.

Cross-section numbers 1 – 4 from left to right. Locations measured within a crosssection: Left (L), center-left (CL), center-right (CR), and right (R).
Individual birds from each catch pen were weighed using a scale capable of
dynamic animal weighing (D51XW10WR, Ohaus Corporation, Parsippany, N.J.). The
scale measurement capacity was 10 kg with a 1 g resolution. Each bird was placed on the
scale and dynamically weighed for 5 s with weights being recorded at 1 Hz sampling
interval and the average of the 5 readings being displayed on the screen. Once the
individual bird BW was obtained the subject was returned to the flock. Data collection
required two days with two facilities assessed per day.
4.3.3

Statistical and Mathematical Methods
Air velocity generated within one test facility was measured utilizing the SEAS

anemometer array. Sensors were placed within each cross-section in the same manner
described in Chapter III of this work. Cross-sections were measured every 3.05 m with
air velocity data being collected at a 1 Hz sampling interval for three 2-min sub samples.
All twelve exhaust fans were in operation, the inlets were fully open, and all air deflector
curtains were deployed during measurement.
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A model based on the results described by Dozier et al. (2005) was generated to
theoretically quantify broiler BW gain at varying air velocities from 49 – 63 d of age.
Least squares linear regression was utilized to describe broiler body weight gain at 2.0
m·s-1, 3.0 m·s-1, and at the control group exposed to still air. The control was forced to
zero BW gain within the model. A BW map was generated for comparison to measured
BW within the facility.
The MIXED procedure in SAS (v9.2, SAS Institute, Cary, N. C.) was used to
analyze the BW data (α = 0.05). Treatments were set as cross-section location within the
facility (1, 2, 3, 4) and bird location within the cross-section were pooled to two locations
(center or edge) instead of the four measurement locations recorded (fig. 4.2). Interaction
between cross-sections and location within the cross-section was also tested. The
individual facility was included in the model as a covariate (1, 2, 3, 4). Means were
separated using Fisher’s LSD (Saxton, 1998).
4.4

Results
Air velocity distribution was measured within one 15.24 × 144.8 m tunnel

ventilated broiler production facility. The distribution is similar to the results presented in
Chapter 3 wherein a region of low velocity exists at the inlet and exhaust end of the
facility (fig. 4.3). With the air deflector curtains deployed, the local increases in air
velocity are exaggerated beneath the nine deflectors while air velocity is reduced at the
center of the facility between deflectors.
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Figure 4.3

Air velocity distribution map at 0.46 m above the litter within the 15.24 ×
144.8 m tunnel ventilated broiler production facility

All twelve exhaust fans were in operation, inlets fully opened, and all nine air deflectors
were deployed during measurement.
Regression results of the BW gain of broiler chickens due to increases in air
velocity observed by Dozier et al. (2005) yielded a coefficient of determination (R2) of
0.986 and a standard error of the estimate of 57 g (fig. 4.4). The relationship between BW
gain and air velocity is described in equation 4.1.
𝐵𝑊𝑔𝑎𝑖𝑛 = 213.15 × 𝑉
where:
BWgain = Broiler body weight gain (g)
V = Air velocity (m·s-1)
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(Eq. 4.1)

Figure 4.4

Broiler BW gain vs. air velocity based on results reported by Dozier et al.
(2005)

Least squares linear regression results showed a coefficient of determination (R2) of
0.986 and a standard error of the estimate of 57 g.
Figure 4.5 shows the theoretical BW gain of the test facility based on the air
velocity distribution. Low BW gain regions at the inlet and exhaust end of the facilities
are present due to the low air velocities in these areas. Increased theoretical BW occured
at the side-walls of the facility while lower BW are present at the center of the facility
due to the air deflectors locally increasing air velocity directly beneath the curtain.
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Figure 4.5

Theoretical broiler BW gain distribution map based on air velocity
distribution within the test facility.

Four commercial broiler production facilities were assessed for spatial differences
in bird BW during a summer flock. Four cross-sections were measured within each
facility with four locations being assessed within each cross-section. Results showed no
differences (P = 0.51 and 0.29) for cross-section location within the facility and the
interaction between treatments. Significant differences (P = 0.0248) were observed
between locations within each cross-section (center vs. edge). The mean BW at the edge
of the facility was 3383 g and 3473 g at the center of the facility, each with a standard
error of 0.044 kg. This yielded a mean difference of 90 g over the four facilities tested
and is contrary to the theoretical BW distribution. Bird BW distribution at each sampling
location in comparison to the entire sample distribution is shown in figure 4.6. The
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complete sample distribution is close to normal but somewhat right skewed. Although
care was taken to weigh equal numbers of male and female birds, more males were
weighed than females (379 male vs. 261 female) which could contribute to the skewed
distribution. High variability in distribution of bird BW at each sampling location is
present.
Figure 4.7 shows the spatial representation of BW including data from all four
facilities assessed. The data ranged from 3276 g to 3621 g with a standard deviation of 98
g. The variation in broiler BW varies spatially within the facility as well. Lower values
for bird BW can be observed near the air inlet region of the facility with an exception at
14 m in the transverse direction.
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Figure 4.6
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Bird weight distribution within each measurement location including all four facilities measured (bar) and entire
sample distribution (line).

Figure 4.7

Spatial representation of average broiler weight over four commercial
broiler production facilities.

100

4.5

Discussion
Implementation of PLF management systems have been previously attempted in

broiler production. Timmons and Gates (1986) controlled the temperature within
commercial broiler production facilities in order to optimize economic return based on
bird value, input costs, thermal envelope characteristics, outside temperature, and bird
age. Results showed minimum savings of 0.5 cent/kg liveweight and savings exceeding
2.5 cents/kg liveweight in some cases tested. Frost et al. (2003) implemented a model
based control system based on broiler growth and pollutant emissions. Real-time
automatic control of broiler nutrition in this case was comparable to performance
achieved by a human manager. While control based on temperature and feed properties
has been shown to be effective, relative humidity (RH), air velocity, and lighting, are
additional parameters in the current broiler production system that PLF management
could control to improve efficiency.
Ventilation is a major control parameter within broiler production facilities and is
used to control temperature, moisture, and provide convective cooling. During cold
outside temperatures minimum ventilation is used to remove excess moisture and
unwanted gasses (ammonia and carbon dioxide) from the facility, as well as provide a
means for temperature control (Gates et al., 1996). Xin et al. (1996) showed the minimum
ventilation rate (MVR) required to control ammonia was nine times greater than the
MVR required to control moisture during the two week brooding phase. Increasing the
MVR during this period requires increased supplemental heating to maintain a facility
temperature of 31° C. Xin et al. (1996) noted the increased cost associated with the need
for supplemental heat could be potentially offset by completely replacing old litter
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between each flock in the brooding area of the facility based on average heating and litter
replacement costs at the time. Having the capability to monitor unwanted gasses like
ammonia and RH within the facility would provide control parameters for minimum
ventilation and provide an indication of litter conditions. This information would aid in
litter management decisions during grow out and between flocks for PLF.
Temperature, especially high temperature or heat stress, has an effect on broiler
performance (May et al., 1998). Environmental controllers used in broiler production
facilities limit temperature rise and drop above or below a desired set point by changing
heating and ventilation rates (Hamrita and Mitchell, 1999). Xin et al. (1994) found
lengthwise temperature gradients within tunnel ventilated broiler production facilities.
These temperature gradients could contribute to lengthwise variations in production
observed in this study. Radiant heat transfer from the side-walls could also increase the
temperature of the birds near the walls (Czarick and Fairchild, 2004b). During hot
weather, the ventilation rate through tunnel-ventilated houses is increased to create a
“wind chill” effect on the birds (Czarick et al., 1999). Increased air velocity passing over
the birds increases convective cooling and improves broiler performance (Drury, 1966;
Simmons et al., 1997; Lott et al., 1998; May et al., 2000; Simmons et al., 2003; Dozier et
al., 2005a, b; Dozier et al., 2006). Air velocity also varies spatially within tunnel
ventilated broiler production facilities (Wheeler et al., 2002; Czarick and Fairchild,
2004a, 2012). Areas with low air velocity, especially at the exhaust fan end of the
facility, may lack sufficient convective cooling potential for the birds. Production
efficiency in these areas may be compromised due to the need for increased latent cooling
(panting) to maintain homeostasis.
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Control of minimum and transitional ventilation rates is achieved by adjusting
inlet opening sizes to maintain a prescribed static pressure and thus a desired flow rate.
Monitoring ventilation rates within commercial broiler production facilities is currently
achieved by static pressure measurement near the center of the facility. Facility design
specifications equate specific ventilation flow rates to static pressure based upon installed
exhaust fan capacity. Deviations from new construction static pressure parameters (i.e.
running an extra exhaust fan to achieve a desired static pressure) could signal problems
with the ventilation system (air infiltration, worn fan belts, etc.).
Air velocity is typically not monitored in real-time; challenges in measuring air
velocity within commercial broiler production facilities are provided by the environment
(dust, moisture, ammonia, etc). Luck et al. (2011) showed that hot wire anemometers
could reliably measure air velocity in a simulated production environment with birds
present by cleaning the sensing element every 10 min with compressed air. Cup type
anemometers are also susceptible to dust accumulation which could introduce error into
the reading. Monitoring air velocity within broiler production facilities would ensure
sufficient air velocity was being generated to sensibly cool the birds.
Diagnostic information about the facility could also be gained by monitoring
changes in air velocity and fan performance (current draw of the motor and revolutions
per minute) over time. Air velocity, ventilation rate, and fan performance inputs to a PLF
management system could be beneficial but sensor maintenance requirements and
measurement location and resolution remain undefined.
Broiler activity levels vary with light intensity levels (Kristensen et al., 2006;
Schwean-Lardner et al., 2012). Research conducted by Olanrewaju et al. (2011) showed
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that light intensity had little effect on live performance on broilers reared up to 56 d of
age. Deep et al. (2010) measured performance characteristics and well-being indicators
for broilers raised to 35 d of age at 1, 10, 20, and 40 lx light intensities. Results showed
that the light intensity did not affect live performance but did affect some carcass
characteristics. Birds reared at extremely low light levels (1 lx) showed negative wellbeing characteristics of increased footpad lesions. Low light intensity also decreases
activity levels of the birds which in turn reduces bone development (Olanrewaju et al.,
2006). The literature indicates light intensity has little effect on production
characteristics, but some impact on well-being of the animal is present. This indirect
influence makes it an important input for PLF management.
Feed and water consumption are important indicators of performance and wellbeing in broiler chickens. Frost et al. (2003) developed a PLF management system that
controlled feed composition while using bird BW and pollutant concentrations as inputs.
Results showed that growth rate could be controlled and pollutant emissions could be
reduced via this method. Aerts et al. (2003) controlled the growth trajectory of broiler
chickens using a model based approach. Feed conversion and mortality were reduced and
uniformity was higher with the controlled feeding program compared to birds fed ad
libitum. Fairchild and Ritz (2012) stated that water consumption increases with age but
also increases with heat stress. Latent cooling due to panting under heat stress removes
water from the respiratory system which must be replaced. A typical range of water to
feed (by weight) intake of 1.55:1 – 1.75:1 for broiler chickens was reported by Fairchild
and Ritz (2012). While monitoring feed and water consumption is currently implemented,
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the data could be used for control and provide valuable insight to PLF management
systems as to the condition of the broiler flock.
Social interactions and natural tendencies of the birds could contribute to the
performance variations observed within this study. Czarick and Tyson (1989) stated that
broiler chickens may have natural tendencies to face into moving air because they are
descendants of birds that could once fly. This tendency may cause migration of birds
towards the air inlet end of a tunnel ventilated production facility. These natural
tendencies or social aspects may also contribute to higher bird BW at the center of the
facility because larger, more dominant birds may move to areas of greater thermal
comfort or areas with a certain level of bird density. Stocking density variations could
also occur in different areas of the facility due to an imprecise transition between limited
area brooding and full house grow out. Competition for feed lines and drinker lines in
overpopulated areas of the facility could also affect where smaller/less dominant birds
reside.
Another potential input, and perhaps maybe the most important, to a PLF
management system is the broiler itself. Physiological and behavioral responses to
changes in the environment can give an indication of performance. Hamrita et al. (1998)
investigated the potential to monitor deep body temperature (DBT) of broiler chickens in
real time using an implanted biotelemetry system. The biotelemetry system was
successful at detecting diurnal DBT fluctuations of the broilers at constant ambient
temperatures and detecting changes in DBT due to changes in ambient temperature.
Lacey et al. (2000) evaluated the same biotelemetry system that monitored DBT of
broiler chickens and compared the response to changes in temperature and relative
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humidity. Results showed that changes in DBT corresponded to changes in ambient
temperature and the birds exhibited reduced thermoregulatory capacity. Hamrita and
Hoffacker (2008) studied the feasibility of environmental control utilizing feedback from
implanted DBT sensors. Results showed that this control scheme was possible but
required refinement to achieve stability. Physiological responses to feed intake were not
accounted for within the control model which excessively cooled the birds after feeding.
Eigenberg et al. (2008) outlined physiological sensors for beef cattle and swine including
DBT and respiratory rate sensors. Respiration rates were monitored using a thin film
transducer in a silicone rubber strain assembly which varied with abdominal
circumference. Adaptations of these sensors could be constructed for poultry. While
implanted, ingested, and externally mounted sensors provide direct measurement of
animal response to environmental conditions and would provide real-time feedback to a
PLF management system they also present issues with practicality and cost. DBT and
respiration rate measurement of each individual animal in the current broiler production
system would provide incredibly large amounts of data for a PLF management system.
Sentinel birds have been used in research regarding disease detection and transmission
(Giambrone et al., 2008). Utilizing individual sentinel birds to describe the physiological
state of the flock by monitoring implanted or ingested sensors would provide valuable
physiological response information to PLF management. Further research should be
conducted to identify the minimum number of birds required to represent the flock’s
response to the environment and nutrient inputs.
Imaging technology shows promise for monitoring certain parameters within the
broiler production system. Mollah et al. (2010) measured the BW of live broiler chickens
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from 7 – 42 d of age using overhead images and raster image analysis. Error between
calculated BW from the images and manually weighed birds ranged from 0.04% to
16.47% and were not significantly different from manual weighing up to 35 d of age.
Thermal imaging could provide information to PLF management with general
temperature of the birds in differing areas of the facility. Czarick and Fairchild (2004b)
used thermal imaging to describe the effect of radiant heat load on broiler chickens in a
broiler production facility with curtain side-walls. The environment within broiler
production facilities would require maintenance of the cameras on a regular basis.
Analysis of images to extract meaningful data requires processing capacity and increased
memory for the large file sizes. PLF controllers using image analysis, more sensors,
increased data collection frequency, and more complex models to describe the data for
control would more closely resemble a computer than a microprocessor. Processing
power and control in existing commercial control systems are insufficient for
implementation of PLF management.
The work herein illustrates the variability in live performance within commercial
broiler production systems, while the sources of these variations are undefined.
Parameters within the broiler production system that can be adjusted to optimize
efficiency and animal well-being include environmental parameters (including
temperature, relative humidity, and ventilation, and lighting) and nutrients (including
feed and water). Physiological and behavioral responses of the broiler chicken to their
environment are ideal inputs to PLF management and control, but are difficult to quantify
and interpret. Extensive modeling of the environment and the response of broiler
chickens to changes to the environment will be required for full implementation of PLF.
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With existing technology management resolution can be reduced from the entire flock as
a management unit to individual birds but practicality and cost are limiting factors.
Management zones seem to be a more reasonable solution. Variations of several input
variables occur throughout the facility which may aide in the definition of these zones.
4.6

Conclusion
Variability of bird BW was assessed in four commercial broiler production

facilities with a flock age of 58 and 59 d. Significant differences (P = 0.0248) between
center and edge measurement locations were found with a reduction in BW of 90 g at the
edge of the facilities. High spatial variability was found between 16 sampling locations
within each facility. A spatial representation of bird BW was created to illustrate
variability within the four facilities.
Output variability exists within the commercial broiler production system and the
causes of this variability are uncontrolled. Control input parameters for PLF include
environmental parameters and nutrients which are currently monitored to varying
degrees. Monitoring environmental parameters and nutrient consumption at a higher
spatial resolution would provide some feedback based on previously completed research,
but the ideal feedback mechanism would be individual or group physiological and
behavioral responses of the broiler chickens. Future research should be directed at
defining the minimum manageable unit of birds and the production environment within
the broiler house for effectively monitoring input variables and control purposes.
Improved management resolution could enhance control capabilities, production
efficiency, and animal well-being by tailoring inputs to smaller groups of birds and
managing the variability within the house.
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CHAPTER V
SUMMARY

Three studies assessing air velocity distribution and variability in animal
production within tunnel ventilated broiler production facilities are included herein.
Measurement density requirements for characterizing air velocity distribution within
tunnel ventilated broiler production facilities were defined; air velocity distribution
within three tunnel ventilated commercial broiler production facilities of differing size,
design, and equipment configurations was characterized; and spatial yield variability
across four similar tunnel ventilated broiler production facilities was measured and inputs
which could contribute to yield variability were discussed. Specific conclusions from this
work are as follows:


A data acquisition and measurement system, using hot-bead anemometers,
to assess air velocity distribution in commercial broiler production
facilities was successfully developed and deployed. This system allows for
individual vertical plane cross-section measurement while minimizing
obstruction to the air stream and reduces errors by removing human
presence during measurement and eliminating variations in manual sensor
operation.
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Cross-validation methods verified that correlation between observed and
predicted values was higher and MSPE values were lower at higher
measurement densities in both horizontal and vertical planes. An air
velocity distribution map in the horizontal plane produced with the SEAS
data at an axial measurement distance of 3.05 m between cross-sections
provided more information than at longer measurement distances. Several
transition areas down the length of the house are well defined when using
a sampling distance ≤ 3.05 m, such as a low velocity area at the inlet, the
vena contracta created by air entering the facility and low velocity areas
created by obstructions or forced air furnace inlets.



Including 40 measurement points to produce air velocity distribution maps
in the vertical plane provided more information than those produced with
fewer measurement points.



Variations in facility size, design, and ventilation capacity greatly affected
air velocity distribution and mean cross-sectional air velocity. Fan
placement on the side-walls of commercial broiler production facilities
reduces fan performance and negatively impacts local air velocity
distribution.



Physical arrangement of the feed hoppers, heating systems, and tunnel
fans has considerable impact on air velocity distribution in commercial
broiler houses.



Output performance (BW) of birds residing near the side-wall of four
commercial broiler production facilities was found to be reduced by a
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mean of 90 g (P = 0.0248) compared to birds residing in the center of the
facility. A spatial representation of BW across the four broiler production
facilities assessed was generated to visualize yield variability.
5.1

Future Work
Tunnel ventilation in commercial broiler production facilities seeks to provide

increased convective cooling to maintain thermal comfort. Results from this work show
that marked variations in air velocity distribution occur within these facilities. Variation
in air velocity resulted from air inlet size and design, facility design, equipment
installation, and exhaust fan placement. Research should be directed toward current
facility modification and new facility construction methods to improve air velocity
distribution.
Migration of current broiler production facility control to PLF management may
be possible with current hardware, however fundamental understanding of physiological,
behavioral, and performance responses remain uncharacterized for modern broiler
genetics. PLF management requires measurement of environmental conditions, nutrient
utilization, physiological responses, and behavioral responses of the animals to be
effective. This input data is required for models that can adjust control parameters to
maintain a suitable production environment for efficiency and animal well-being. Future
research should be directed at further quantifying the variability within commercial
broiler houses, development of models that account for input parameters and animal
response to changes in these inputs, and definition of the minimum manageable unit
within broiler production facilities for effective PLF management.
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SAMPLE CALCULATIONS
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A.1

Sensor locations (Chapter 3)

Table A.1
Sensor
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

Sensor locations as installed in test facility 1, 2, and 3.
Test Facility 1
Test Facility 2
Test Facility 3
X Location Y Location X Location Y Location X Location Y Location
(m)
(m)
(m)
(m)
(m)
(m)
0.20
0.46
0.20
0.46
0.20
0.46
0.20
0.86
0.20
1.07
0.2
1.07
0.20
1.27
0.20
1.68
0.2
1.68
0.20
1.85
0.20
2.13
0.2
2.13
1.65
1.98
1.65
2.13
1.63
2.13
1.65
1.52
1.65
1.68
1.63
1.68
1.65
1.00
1.65
1.07
1.63
1.07
1.65
0.46
1.65
0.46
1.63
0.46
2.63
0.46
3.95
0.46
2.74
0.46
2.63
0.90
3.95
1.07
2.74
1.07
2.63
1.35
3.95
1.68
2.74
1.68
2.63
1.79
3.95
2.13
2.74
2.13
4.08
2.24
3.95
2.59
2.74
2.74
4.08
1.79
5.40
2.59
4.17
2.74
4.08
1.35
5.40
2.13
4.17
2.13
4.08
0.90
5.40
1.68
4.17
1.68
4.08
0.46
5.40
1.07
4.17
1.07
5.27
0.46
5.40
0.46
4.17
0.46
5.27
0.98
6.83
0.46
5.87
0.46
5.27
1.51
6.83
1.07
5.87
1.07
5.27
2.04
6.83
1.68
5.87
1.68
5.27
2.57
6.83
2.13
5.87
2.13
6.72
2.57
6.83
2.59
5.87
2.74
6.72
2.04
6.83
3.28
5.87
3.35
6.72
1.51
8.28
3.28
7.29
3.35
6.72
0.98
8.28
2.59
7.29
2.74
6.72
0.46
8.28
2.13
7.29
2.13
8.15
0.46
8.28
1.68
7.29
1.68
8.15
0.90
8.28
1.07
7.29
1.07
8.15
1.33
8.28
0.46
7.29
0.46
8.15
1.77
9.77
0.46
8.76
0.46
8.15
2.21
9.77
1.07
8.76
1.07
8.15
2.64
9.77
1.68
8.76
1.68
9.60
2.64
9.77
2.13
8.76
2.13
9.60
2.21
9.77
2.59
8.76
2.74
9.60
1.77
11.21
2.59
10.19
2.74
9.60
1.33
11.21
2.13
10.19
2.13
9.60
0.90
11.21
1.68
10.19
1.68
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Table A.1 (Continued)
Sensor
Number
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

A.2

Test Facility 1
Test Facility 2
Test Facility 3
X Location Y Location X Location Y Location X Location Y Location
(m)
(m)
(m)
(m)
(m)
(m)
9.60
0.46
11.21
1.07
10.19
1.07
11.32
0.46
11.21
0.46
10.19
0.46
11.32
0.98
13.34
0.46
11.33
0.46
11.32
1.51
13.34
1.07
11.33
1.07
11.32
2.04
13.34
1.68
11.33
1.68
11.32
2.57
13.34
2.13
11.33
2.13
12.77
2.57
14.78
2.13
12.75
2.13
12.77
2.04
14.78
1.68
12.75
1.68
12.77
1.51
14.78
1.07
12.75
1.07
12.77
0.98
14.78
0.46
12.75
0.46
12.77
0.46
14.15
0.46
14.15
0.90
14.15
1.35
14.15
1.79
14.15
2.24
15.60
1.79
15.60
1.35
15.60
0.90
15.60
0.46
16.61
0.46
16.61
0.86
16.61
1.27
16.61
1.85
18.06
1.98
18.06
1.52
18.06
1.00

Sample calculation of pressure loss
Calculating the theoretical pressure loss in a 15.24 × 144.8 m commercial broiler

production facility was completed using the Colebrook and Darcy-Weisbach equations.
Internal area of the facility was calculated to be 44.2 m2. The equivalent diameter (de) is
calculated by equation A.1.
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(𝑎∙𝑏)0.625

[15.24(𝑚)∙3.048(𝑚)]0.625

𝑑𝑒 = (𝑎+𝑏)0.250 = [15.24(𝑚)+3.048(𝑚)]0.250 = 6.27 𝑚

(Eq. A.1)

where:
a = width of the duct (m)
b = average height of the duct (m)
Reynold’s number (Re) is then calculated for the duct based on properties of air at
27.8° C and 80% RH resulting from evaporatively cooling air at cooling design
conditions (equation A.2).

𝑅𝑒 =

𝑑𝑒 ∙𝑉∙𝜌
𝜇

=

𝑘𝑔
6.27(𝑚)∙2.45(𝑚⁄𝑠)∙1.14( ⁄ 3 )
𝑚
𝑘𝑔
0.0000198( ⁄(𝑚∙𝑠))

= 883273

(Eq. A.2)

where:
V = air velocity (measured superficial velocity was used)
ρ = density of the air
µ = dynamic viscosity of the air
With turbulent flow, the Colebrook equation was used to calculate the friction
coefficient (λ) for the system using a Manning’s roughness coefficient of 0.005 for
ordinary wood (equation A.3).

1

1⁄
2

(𝜆)
1

(𝜆)

1⁄
2

2.51

= −2 ∙ log10 [(

1
𝑅𝑒∙𝜆 ⁄2

= −2 ∙ log10 [(

2.51

)+

1 )+
712167∙𝜆 ⁄2

𝜆 = 0.018

𝑘⁄
𝑑𝑒
]
3.72

0.005(𝑚)
⁄6.27(𝑚)
]
3.72

(Eq. A.3)

(Eq. A.4)
(Eq. A.5)

Finally, the pressure loss within the duct (ploss) was calculated using the DarcyWeisbach equation (equation A.6).
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𝑙

𝑝𝑙𝑜𝑠𝑠 = 𝜆 ∙ (𝑑 ) ∙ (
𝑒

𝜌∙𝑉 2
2

(Eq. A.6)

)

144.8(𝑚)

1.14(

𝑝𝑙𝑜𝑠𝑠 = 0.018 ∙ ( 6.27(𝑚) ) ∙ (

𝑘𝑔
⁄ 3 )∙[2.45(𝑚⁄𝑠)]2
𝑚
)
2

= 1.42 𝑃𝑎

where:
l = the length of the duct
A.3

Sample calculation of superficial air velocity for temperature maintenance
Calculation of superficial air velocity for temperature maintenance for a 15.24 ×

144.8 m commercial broiler production facility was done under the assumption of 10.8
bird·m-2 stocking density. This yielded 23,750 birds at an internal floor area of 2206 m2.
An average bird weight (Mbird) of 3.63 kg was assumed. Sensible heat production by the
birds in the facility was done by the method described in Pedersen and Sällvik (2002).
Total heat production per bird is shown in equation A.7.
𝑇𝐻𝑃𝑏𝑖𝑟𝑑 = 10.6 ∙ 𝑀𝑏𝑖𝑟𝑑 0.76

(Eq. A.7)

𝑇𝐻𝑃𝑏𝑖𝑟𝑑 = 10.6 ∙ 3.63(𝑘𝑔)0.76 = 28.24(𝑊⁄𝑏𝑖𝑟𝑑 )
where:
Mbird = mass of individual broiler (kg)
Total heat production for the facility (THPfacility) is shown in equation A.8.
𝑇𝐻𝑃𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 = 𝑛𝑏𝑖𝑟𝑑 ∙ 𝑇𝐻𝑃𝑏𝑖𝑟𝑑
𝑇𝐻𝑃𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 = 23750(𝑏𝑖𝑟𝑑) ∙ 28.24(𝑊⁄𝑏𝑖𝑟𝑑 ) = 670654 𝑊
where:
nbird = number of birds in the facility
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(Eq. A.8)

Number of heat producing units (nHPU) is then calculated from THPfacility (equation
A.9).
𝑛𝐻𝑃𝑈 =

𝑇𝐻𝑃𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦

=

1000(𝑊)

670654(𝑊)
1000(𝑊)

= 670.7

(Eq. A.9)

Sensible heat production per heat production unit (SHPHPU) is calculated via
equation A.10.
2
𝑆𝐻𝑃𝐻𝑃𝑈 = 0.61[1000 + 20 ∙ (20 − 𝑇𝑎𝑖𝑟 )] − 0.228 ∙ 𝑇𝑎𝑖𝑟

(Eq. A.10)

𝑆𝐻𝑃𝐻𝑃𝑈 = 0.61[1000 + 20 ∙ (20 − 27.8℃)] − 0.228 ∙ 27.8℃2 = 338.6(𝑊⁄𝐻𝑃𝑈)
where:
Tair = air temperature (°C) (27.8° C was used in this case)
Sensible heat production for the facility (SHPfacility) is calculated in equation A.11.
𝑆𝐻𝑃𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 = 𝑆𝐻𝑃𝐻𝑃𝑈 ∙ 𝑛𝐻𝑃𝑈

(Eq. A.11)

𝑆𝐻𝑃𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 = 338.6(𝑊⁄𝐻𝑃𝑈) ∙ 670.7(𝐻𝑃𝑈) = 227105(𝑊)
Flow rate (Qcalc) for a temperature rise of 4° C down the length of the facility was
calculated by equation A.12 (Albright, 1990).
𝑄𝑐𝑎𝑙𝑐 =

𝑆𝐻𝑃𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦

𝑄𝑐𝑎𝑙𝑐 = (

(Eq. A.12)

𝜌∙𝑐𝑝 ∙∆𝑇

227105(𝑊)
3
) ∙ 3600(𝑠⁄ℎ𝑟) = 178573 (𝑚 ⁄ℎ𝑟)
𝑘𝑔⁄
𝐽
1.139 (
) ∙ 1004.5 ( ⁄𝑘𝑔 ∙ ℃) ∙ 4℃
𝑚3

where:
ρ = density of the air
cp = specific heat of the air
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ΔT = change in temperature down the length of the facility
The calculation for superficial velocity for temperature control (Vdesign) is shown
in equation A.13.

𝑉𝐷𝑒𝑠𝑖𝑔𝑛 =

𝑄𝑐𝑎𝑙𝑐
𝐴

3

178573(𝑚 ⁄ℎ𝑟 )
)
44.2(𝑚2 )

=(

∙ 3600−1 = 1.12 𝑚⁄𝑠

(Eq. A.13)

where:
A = internal area of the duct
Normalized superficial velocity for temperature control (VSTN) was calculated by
dividing VDesign by the measured superficial velocity (VS) from FANS unit data (equation
A.14).
𝑉𝑆𝑇𝑁 =

𝑉𝐷𝑒𝑠𝑖𝑔𝑛
𝑉𝑆

=

1.12(𝑚⁄𝑠)
2.45(𝑚⁄𝑠)
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= 0.46

(Eq. A.14)

A.4
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